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ISOLATION AND DAMPING

TRANSIENT RESPONSE OF REAL DISSIPATIVE STRUCTURES

R. Plunkett
University of Minnesota
Minneapolis, Minnesota

Almost all the information we have on damping has been gained from
measurements on structures vibrating at a single frequency at
constant or almost constant amplitude. In calculating system
response to transient, random or fluctuating excitation, it is
customary to use spectral decomposition, modal analysis or some
other procedure involving linear superposition. In most cases of
transient excitation this will give conservative results since
most real damping increases non-linearly with amplitude; this may
result in a greatly evevdesigned structure and prejudice the
designer against the use of frangible stress relief devices. In
a few cases involving coulomb friction where the damping decreases
with increasing amplitude, it may lead to underdesign or instability.

INTRODUCTION that there are certain mathematical
difficulties as3ociated with the assump-

Classical analysis has shown that the tion of frequency dependent linear damp-
maximum response of a single degree of ing but these appear not to have much
freedom system to simple shock inputs is practical effect (5). Little attention
remarkably independent of damping il. has been paid to the physics of the
On the other hand, damping may be a very problem as controlled by the definition
important factor when the load time his- of dissipative systems.
tory has a spectrum which is rich with
discrete frequencies [2]. Typical prob- As can be seen from figure 1, the
lems of this second type include seismic maximum response spectrum of a single
excitation, automobile crashes and light degree of freedom system due to simple
components on relatively massive struc- excitation depends only slightly upon
tures. In an attempt to make the analy- damping until the damping becomes very
sis of these problems tractable, they large. Figure 2, on the other hand,
have often been attacked by linear or shows that this some response spectrum
quasi linear techniques [31; this leads is very sensitive to damping when the
naturally to superposition and transform excitation is highly oscillatory as in
methods and our attention has been di- an earthquake. In spite of this, there
vetted to a consideration of appropriate is little difficulty dealing with either
bounds for mhximaum response [41. If one case if we can treat the physical struc-
accepts linear analysis and spectral ture as a single degree of freedom sys-
decomposition, it is obvious that the tem. Unless the shock response-spectrum
sum of the absolutt values of the has a very wide frequency §and, there 1P
Fourier components or the integral of also little problem with multi-degree of
the absolute value of the integrand will freedom systems unless the frequencies
furnish an upper bound using one of the are close together. Typical building
many variants of Schwarz' inequality, frequencies ure in the ratio I, 3, 5,
Since we are dealing with a maximum and etc.; typical missle bending frequencies
since we are often concerned with a or submarine bending frequencies are in
displacement type of failure, this the ratio 1, 6, 18, etc.; either of
upper bound may be high by a factor of these sequences furnish adequate sep-
two or three which can Lmpose a severe aration. Massive machinery in build-
design penalty. Much effort has been ings, however, can split these sequences
given to a reasonable lowering of this to make them much denser; an elevator
upper bound by various mathematical shaft, a building with two connected
and numerical studies. towers, a power plant or nuclear reactor

Scan make a spimle single degree of
It has been realized for some time freedom analysis unrealistic.

-gI
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Fig. 1 Shock response spectrum. Half sine wave acceleration pulae,

0.3g max 1 second long, damping parameter, Ref 1.
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FL&. 2 Shock response spectrulm. Ml Centro earthquake, 1940,

-damping ppranmete, Ref 2.
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The accepted design procedure is to relative motion between the parts.
use a dynamic response analysis with This relative motion, in turn, causes
reasonable damping factors to approxi- rubbing friction, impact: elastic
mate the response r6J. For a relatively energy release, gas pumping or turbulent
simple excitation spectrum such as a fluid behavior around relatively sharp
depth charge, a nuclear explosion or a edges. All of these mechanisms are
head-on crash into a fixed barrier, this highly non-linear.
gives good results. For seismic excita-
tion or a more realistic crash we simply ANALYSIS
do not have enouga information about
damping effects in complex time histor- Even though the physical. mechanism
Lea to find the response. involved in material damping is non-

linear, it is customary to use a quasi-
DAMPIN MECHANISMS linear analysis for steady atate vibra-

tion problems in which experience guides
rtfore we get too deeply into the us toward the proper damping wluc &.r

physics of shock response, it is helpful the problem at hand. As far as we know,
to consider the various types of damping we have not gotten in serious trouble
mechanisms. The simplest is energy in this area, probably because damping
radiation which is a linear mechanism increases very rapidly before the
resulting when elastic energy isradi- fatigue limit of most materiall is
ated away from the structure of inter- reached. We are also aided by the
est. It may be the major mechanism for resonant nature of vibration problems;
damping turbine bucket vibration where whether we are dealing with flutter
the disk support at Christmas trees critical speeds, wheel shimmy or build-
scatters the elastic energy to all ing sway, one mode of vibration dom-
parts of the rotor in such a way as to inates and the time history is sinusoid-
return in a completely incoherent al. Even in randomly excited forced
fashion, if at all. It is probably vibration, the response. c. lightly
also an important factor in large damped systemus is quasi-sinusoidal.
buildings supported on bed rock or in
flexible bridges. Radiation damping The shock response of large struc-
can be very efficient from shell struc- tures loaded below the point of per-
tures to water; the impedance mismatch manent deformation has not been examined
is greater but the area contact is in great detail. It has been difficult
larger than in turbine buckets or enough to get even meager information
buildings. Acoustic radiation from about the frequencies, mode shapes and
submarines to the ocean causes large damping of buildings with sinusoidal
damping at intermadiate frequencies. loadings in non-destructive tests,
For very large flat panels, acoustic without worrying about more complex
radiation to air is sometimes important, situations [10). We have only recently
By its very nature, radiation damping had sufficient strong motion instru-
is elastic and linear; therefore, even mentation to get any information at all
though it is frequency dependent, super- about the motion of large buildings in
position works. destructive earthquakes [1ll. The

preliminary results seem to indicate
Material damping is a very general that destructive, non-linear deformation

tlnue for a large collection of phenom- of redundant, non-support elements
ena. It is the kind of energy dissi- reduces the shock loading to the rest of
pation which takes place in the volume the structure somewhat in the same
of solid materials which are cyclically fashion that crushable supports do in
stressed and is independent of any ener- packaging. Thus, the destruction of
gy loss at the boundaries [7,83, The interior shear panels can give important
physical mechanisms responsible for this frequency shifts and energy dissipation
type of damping are basically non- for tall buildings in earthquakes and
linear with the possible exception of offer some protection to the main
polymeric or visco-elastic organic skeleton. Limber and weak first story
compounds [9]. The behavior at high flexible shear supports, on the other
strain levels associated with shock hand, may protect against weak shocks
conditions is strongly non-linear so but ae disasterous in strong ones.
that superposition is completely
unwarranted. CURRENT PROBLEMS

For most complex structures in shock This gives rise to many unanswered
or vibration at amplitudes below that questions if we are to arrive at
"necessary fo. permanent deformation, aconomical, safe and sturdy dcrsigns for
there has beeU a grouting reAlization complex structures subject to explo-
over the past decade that most of the sions earthquakes and crashes. The
energy dissipation is caused by relatively simple, single-degree of
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freedom methods which have been so fatigue change [73. Since we expect
successfully used for package cushioning this behavior to be associated with peak
will not work for these problems. This strain or displacement, it has a very
raises serious questions for the ration- important influence on the maximum force
al design of military structures to in a structure. The maximum of a
withstand nuclear and conventional complex time history cannot be found
explosions, of buildings and power from spectral decomposition, it can
Ptations to withstand earthquakes, and only be bounded and that not accurately.
of automobiles to withstand moderate For instance consider a spring mounted
crashes and protect the occupants mass in which the base is subjected to
against severe ones. an earthquake input; let the spring have

an elastic perfectly plastic charac-
The kind of problem which may exist teristic, and let the input be such as

is most easily seen by considering the to cause significant plastic deformation
details of energy dissipation due to at some time in the response. Under
friction in built-up structures. these circumstances which correspond to
Experience over the years has led us to moderately severe earthquakes or
use overall structural damping which is crashes, the time history of the ex-
relatively independent of amplitude for citation prior to maximum displacement
single mode vibratory motion in the is irrelevant and the residual response
analysis of such systems. The damping after maximum displacement is often a
coefficient (ratio of imaginary to real simple sinusoidal decay. Such behavior
part of effective complex modulus) is is often not very destructive to
usually taken to be about 0.02 for air- components housed in the main structure.
craft, has been measured at 0.04 for A typical example it the protection
tall structures [0l and has been offered to automobile passengers by
deduced to be as high as 0.10 for large collapsible bumper supports or by
ships. TL.d difficulty with most of destruction of front grill work; in
thc.c figures is that they were neces- most- cars, there is no such protection
sarily determined at very low ampli- available from side impacts. In any
tudes, well below that permissible for case, this makes a flexible and
severe earth quakes or other non- frangible first story support structure
recurring transients. In addition for buildings look attractive. If it is
they are only vclid for sinusoidal. or it to be effective, some provision must
quasi-sinusoids, motion in a single be made for final support of the
mode of vibration at a time. building itself and the frangible links

must be easily replaced.
It is not difficult to construct a

plausible argumer~t which says that the There are two major areas of re-
intteractive efficts of two or more search that appear to me to cry out for
frequencies are sucn as to reduce the solution. The first is analysis; what
damping for that motion whicn has the are the appropriate analytical tech-
smaller amplitude; thib necessarily niques and design criteria for complex
leads to the conclusion that the two structures subject to transient inputs
frequency decay sercttum is almost which do not have a simple time history?
independent of the spectral content of We can be certain that the simple
the excitation for quite a w' le range in linear superposition implicitin
the ratio of the two components. This spectral decomposition methods are
result comes from the fact tha.. the inappropriate here. While they will
direction of friction force depends on probably overestimate the response for
the dircction of slip and tLat no slip most reasonable assumptions, they will
takes place until the force reaches a probably impose unreasonable require-
limiting value. As a result, there will ments for fail safe design in many
be essentially no energy dissipation for cAsas. In addition, they will auto-
the frequency corres ondir- to that mode matically discourage the use of
of motion in which there is no velocity frangible or yielding redundant links
reversal. This means that if the nax- to mitigate the damage to building
imum relative velocity -corresponding to contents. At the moment, the two most
one frequency of a two frequency motion suitable techniques appear to be a
1.s-less than the instartaneous velocity quasi-elastic deformation analysis
in the other, there will be little or and the use of digital, analogue or
no energy dissipation in it even though hybrid computers to make time history
thera is damping in the correspondir- predictions. For either of these
motion by itself. methods to ke useful, we need much

better sats of input ensembles. We also
In the other direction, we have the need a large library of trial solutions

experimental fact that dampina in most and a reasonable number of destructive
materials and structures rises abruptly tests for comparison.
at the level of permanent deformatton or
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The other important area of research r 7) Lazan, B. J. "Damping of Materials
is a little closer to my academic heart. and Members in Structural Mechan-
We have absolutely no information on ics" Pergamon Press, 1968.
the interactive effects of modal damping
when a material or structure is [8] Plunkett R. "Vibration Damping"
vibrating simultaneously in two or more in Applied Mechanics Surveys,
frequencies. Whether it be material or Abramson, Liebowitz, Crowley and
structural damping, we do not know if Juhasz, Spartan Books, Washington,
the interaction between strain or D. C. 1966, pp. 691-762.
motion at two or more different fre-

cies increases or decreases the [9) Ferry, J. D. "Viscoelastic Prop-
ing of either component. erties of Polymera" Wiley, New

York 2nd Ed. 57-0.
A great deal of attention has been

paid, in this country and abroad, to [10) "Full Scale Testing of New York
the problems associated with analytical World's Fair Structures-Ill Chimes
and computer solutions for structures Tower", Nat. Acad. Sci. Publ. 1722,
subjected to random, complex, steady Wash. 1969.
state and transient excitation. These
techniques and solutions have all been [11] Hudson, D. E. "Dynamic Properties
based upon descriptions of the system of Full-Scale Structures Deter-
behavior which have been chosen for mined from Natural Excitations"
their mathematical tractability rather in Symposium on Dynamic Response of
than their relationship to physical Structures, G. Herrmann, Stanford,
fact. If we are to have any real 1971.
ability to predict vibration and shock
response for these important problems,
we had better learn more about the
physical behavior of real materials
and systems.

REFERENCES

[1) Mindlin, R. D., F. W. Stubner and
H. L. Cooper "Response of Damped
Elastic Systems to Transient Dis-
turbances" Proc. Soc. Exptl.
Stress Anal. 5:2, 69-87 (1948).

[23 Housner, G. W. "Behavior of Struc-

. DinEarthquakes" 
Proc.

ASCE V. No. EM4, 1459, pp.I09-29'.

[33 Fisarenko, G. S. "Vibrations of
Elastic Systems Taking Account of
Energy Dissipation in the Material"
Translation WADD TR 60-582, Feb.
1962, Air Force Systems Command,
Wright-Patterson AF Base, Ohio
e.g., Section 1-6.

[4] Hansen, R. J., Ed. "Seismic Design
for Nuclear Power Plants" MIT Press
Cambridge, Mass., Introduction
pp. 1-68.

[t5 Crandall S. H. "The Role of Damp-
ing in Vibration Theory" Journ.
Soun Vib. (1970) 11(1) pp. 3-18.

[6) Barton, M. V., ed. "Shock and
Structural Response" ASME, New
York 1960.

i 5



DYNAMIC RESPONSE OF A RING SPRING

by

Ronald L. Eshleman
lIT Research Institute

Chicago, Illinois

The dynamic respdnse of a ring spring to high rate loading was
studied analytically and experimentally with special emphasis
on high frequency effects. Explicit analytical expressions for
ring spring force-deflection curves with separate stiffness and
damping terms were formed. The mathematical model which rep-
resents the spring mass elasticity and damping is a form of the
classical wave equation. This model was used in conjunction
with a massive rigid body to study its shock isolation char-
acteristics analytically and experimentally. Tests were con-
ducted on one and one-half inch diameter springs in an KTS
closed loop electrohydraulic shock isolation test machine.

INTRODUCTION

The dynamic response of the ring model is capable of predicting surging
spring to high rate input loadings was of the ring spring and high frequency re-
studied analytically and experimentally. sponse of the isolated mass.
Special emphasis was placed on the under-
standing of high frequency effects. When The high rate input motion, pulse,
high rate input loadings are applied to shown in Figure 2, had a 2.71 in. peak-
a ring spring, surging of the isolator to-peak displacement. The maximum input
can occur at one or a combination of its velocity was 150 in./sec, 3Og and higher
natural frequencies if its inherern damp- accelerations were obtained depending on
ing is not effective. High rate loading the exact shape of the pulse.
results from weapon effects, machinery
excitation or transportation environ- The experimental models consisted
ments. A distributed parameter model was of parallel ring spring-mass systems
used to calculate the local response of (Figure 3). The experimental model of
the isolator anc the higher order effects the ring spring isolation elements was
on the isolated mass. Finite difference selected to meet the physical constraints
equations programmed on the digital com- of the test fixture. The NTS closed loop
puter were utilized in the local response electrohydraulic test machine was used
calculation, to induce the controllid pulse to the

shock isolation system s base.MODELING

The analytical and experimental
studies on the response of the ring
spring to high rate input loading were
conducted on simple isolator-mass models.
The analytical model consisted of a ring
spring and its associated isolated mass,
as shown in Figure 1. The isolators
were modeled as massless, flexible,
damped elements so that gross response
of the isolated mass to programmed high y(t) xMt)
rate input motion could e obtained. In
addition, the ring spring was modeled as
having continuously distributed mass and Fig. I Shock Isolation System
elasticity for local response. This Model, Analytical

Preceding page blank 7
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Fig. 3 Shock Isolation System Deflection Curve

Model, Experimental The analytical expressions (refer-

PHENOMENOLOGY ence 1) for the ring spring force-
deflection curves in compression and

The ring spring shown in Figure 4, return are given respectively a

is used where space is limited and a r , ]large amount of energy must be absorbed, PCtan a '--+ 'a ' )6

Energy is absorbed by the coulomb fric- 1"- tan a
tion forces at the interfaces of the ad- rmn(l+ o)
joining sections. The spring deflection
in the axial direction is obtained from
circumferential compression of the inner PR / to
rings and stretching of the outer rings. 1R +2 t)
The damping force between the conical n(
surfaces of the adjacent rings is pro-
portional to axial displacement. Fig-
ure 5 shows a typical ring spring load where:
deflection curve with its hystersis loop. P w Force
For increasing loads, the friction 6 a Deflection
forces and elastic forces act in the
same direction to absorb a large amount E - Modulus of Elasticity
of energy. Upon release, the friction Angle of taper, conical surface
force reverses and some of the elastic
energy stored in the rings is used to r. - Mean radius of rings
overcome the opposed friction force.
This results in a load release curve of n - Number of rins
smaller slope. The area inside these Ai - Cross-sectionsl area of
curves represents the energy dissipated inner ring
by the spring per use cycle.

8



Ao - Cross-sectional area k - 1530 lb/in.
of outer ring

- Coulomb friction coefficient Cc - 721 lb/in.

Let CR - -688 lb/in.

TEA itan a ANALYSIS
* (3) The ring spring isolation system

rmn (1+ A was analyzed for its natural frequencies,
gross response and local response. The

Then analytical studies were conducted with
the aid of the previously described mod-

PC 0 6 (A + tan a) (4) els. The eigenvalue problem for deter-
1i tan a mination of the natural frequencies was

solved graphically utilizing analogous
solutions existing in the literature.

?R t (5) The dynamic response of the ring spring
1 + Atan a to high rate input loading was pro-

grammed in FORTRAN IV and calculated on
Expanding equations (4) and (5) for an IBM 7094 digital computer.
small values of 4 tan a and dropping
higher order terms, the force-deflection The model distributed mass and
curves in compression and return become elasticity isolator system shown in Fig-

ure 6 was used for the calculation of
P C 5 (t + tan a + 42 tan a the system's natural frequencies and re-

c tsponse to high rate input loadin The
+ i4 tan2 a (6) equation of motion, E uation (115, and

boundary conditions, q uations (12) and

((13), were used to ana yze the response
PR - 6 0 (tan a - 4 -4tan a of the isolation systems.

+ .2 tan a +....) (7) y(t (08W.0

The spring and damping terms for the
ring spring can be obtained by separating
equations (6) and (7). The spring con- mEA _
stant is

K w 0 tan a. (8)

The damping constants are Fig. 6 Distributed Parameter Isolation
System Model

cc a 0 (sec2a + 4 tana ) (9) rEAi tana(tana+ ) a2

CR a -04 (sec2 a - A tan a) (10) rmn(l T . tan a) ( + L')

Equations (6) and (7) show that the SIrA + 2
damping force due to Coulomb friction is • (11)
a function of ring spring deflection. rL Ar +
This phenomenon results from the fact
that the normal force between the fric- where
tion surfaces is regulated by the elas-
ticity of the spring. Equations (8) u(s,t) - local displacement of
shows that the ring spring stiffness is ring spring
a function of the spring geometry and
its modulus of elasticity. These rela- s - space
tionships were used in the analysis of * time
the spring's shock isolation qualities.
The data on ring spring used in the tests -- length.
is listed below.

At s -0,
0 w 6350 lb/in. (0 for natural frequency

- 0.105 calculation (12)
u(Ot) . y(t) for response calculation.
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a2
N (.z(,t) k - 1530 lb/in.

m - 0.0079 lb-sec 2 /in.
r. A ton a(tana+ p) (it t) H -2.50 lb sec 2 /in.

rmn n(1 T tan a +e - 0.0032
rm 0 (13) a - 6000 in./sec

These equations show the linear - 14.9 in.

elastic characteristics of the spring 11 3.95 Hz
and the directional characteristics of - 3.95 Hz
the damping force. The undamped natural 1 220i Hz.
frequencies of the system were obtained
using equation (11). From the analogy The local response of the shock iso-
to a bar in longitudinal motion, the lation system to high input loading was
wave equation yields the following fre- numerically calculated on the digital
quoncy equation. computer. The wave equation (Equation

(11)) which describes the motion of the

6 tan 8 (14) system is basically a force equation.
oHtion inputs are constraints on the sys-

whiere tem and are therefore time dependentwhereboundary conditions. If the motion Input

Sm/ occurs within the physical boundary of
the continuous element rather than at the

m - mass of the ring spring boundary, then It is termed a specified

M - isolated mass internal boundary condition at an In-
ternal boundary. Input motions must be

6i -0li/a, roots of equation (14) given relative to an inertial reference.
- length of isolator Since the input motion of the iso-
a natural frequency lator cannot be characterited in a func-

tional form it is advantageous to use
a - V'k/7 wave velocity its digital description as an input to a

" equivalent finite difference desctiption of the ye-
(quat stiffness tem. The present ISOLATOR program con-
(equation (8)). tame & digital description of the input

SFor the small values of mass ratio, wave form. The subroutine that calcu-
a orandi thesallvalues onfi srations, t lates the local response of the ring

s, obtained in these configurations, the sring uses central difference equations.
solutions to the frequency equation arein detail in.
given in Equation (11). reference 2.

62 w e first mode (15a) The results of the local dynamic
6 - ir second and higher (15b) response calculations are showm in Fig-

modes ure 7. It thows the acceleration re-
sponse in g of the 960 lb mass isolated

Equation (15a) given the first mode natu- from the input'wave form (Figure 2) by a
ral frequencies of the systems directly ring spring.
and it

a -EX FkINTATION
- •(16) The dynamic response of the ring

mel tspring to high rate input loading was
.- merely the rigid-iss, K, masless eo- studied experimentally using a closed
lator, kp natural frequency that is ob- loop electrohydraulic test machine. The
"tained from simple vibration analysis, shock wave form shom in Figure 2 we
This occurs because the isolated vuss is applied to the isolator-meas system.
so much larger than the mass of the isola-
tion element. In addition, for the higher The electrohydraulic test system is
modes of vibration (surging), the isolator comprised of five basic elements: the
appears to hivs fixed end conditions. pump the servovalve-actuator system.

the load frame, the transducer-meedback
0 ir 1 (17) system and the control console. These

units provide primary hydraulic power,
electrohydraulic control, specimen or

The following numbered values wore component containment and control. The
obtained for the natural frequencies of machine has the following capabilities:
the ring spring isolatiov system tested.

10
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the stroke range is + 5 in.; maximum position by internal and external sleeves.
stroke rate is 12 000 in./min; maximum Figure 9 shows the results of these
acceleration is 190g. Its characteris- tests.
tics, capabilities and operation are
further described in reference 3. DISCUSSION

The guided loading fixture, with The analytical-experimental results
the ring spring, Figure 8, provides the of this investigation are summarized in
base loading of the isolator, and a 960 lb table 1.
lead weight simulates the isolated equip-
ment. Both items are free to move on The experimentally determined re-
the test machine loading and reaction sponse of the mass isolated with a ring
frame. The loading ram applies the ma- spring shows good isolation characteris-
chine generated to the shock isolator tics as compared to a helical spring
under test. The loading fixture was de- (reference 2) whare local surging is ob-
signed to have a minimum weight and a served. The ram acceleration of 116g
high natural frequency. Individual sup- reduced to a mass response of 1.61g gave
port fixtures are designed and built for 98 percent isolation. The local response
each shock isolation system tested. The results are in fair agreement with the
details of the test equipment, instru- experimetital results. In the experi-
mentation and testing are recorded in mental record no surging was observed,
reference 3. but the natural frequency of the ring

spring isolator was found analytically
The ring spring consisted of two to be 220 Hz. The local response study

columns of 62 rings on each side of the showed a peak response acceleration am-
mass. A wave form with a 2.71 in. peak- plitude of the mass of 0.8g at 230 Hz.
to-peak displacement was used because
the stroke of the ring spring was short.
The elements were not precompressed. The
rings were held in their proper relative

-•

-- 1 - - ,, - . /
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S" • i . . 4 " -

fig. Re *ponse of a 960 lb Mass Isoolated by Two Ringt Sprtf.gs
Subject to a 141xh Rate Input Loading'
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Table 1

A SUMM4ARY OF THE EXPERIMENTALANALYTICAL RESULTS OF THE RESPONSE
OVA RING SPRING-MASS SYSTEM TO HIGI RATE INPUT LOADING

elative Kass os1s Mass Fundamental
isplacement Acceleration Velocity Secondary Natural

am Ram (Mn.) (W) (in./sec) Effects Frequency
Time isp. Accel. [Anal. Ei* Anal, Elxp. a. Exp. Anal. First Mode
(Mas) (in.) (g) I A #21 #19A 2 #13A 2i #15A #21 Daming0 0le [21 D"4pno, o -----

0.006 0 a. . ! ,
00.03 -0.259 ---------- -... ...-... 1. 30

0.043 -0.238 -13.0 -0.22 -0.24 -. . 1.04 --- .

0.06 -0.151 --- ----- --- -4.68 . .

0.066 0 --- - - -

0.07 0.194 --- --- ---. -- 4 u
0.091 1.858 116.0 2.42 +1.91 1.41 3.04 1.05 --- U " .

0.095 1.728. ... ...

0.110 0 -37.0 --- 23.4

0.112 -0.087 ---- - ... .... -- --

0.120 -0.475 --- ... ... ... ..... ... W

0.128 -0.755 -.. 1.37 -1.64 --- . .. .. .
0.146 -0.994 .... ... - -1.61 -2.61 ---------- 1 .

0.157 -0.865 ----. ---... ... ... ....

0.169 -0.583--------------
0.183 -0.346 -.. . ... ... .... .1.50 -30.0 ta

0.220 0 . ...-....--
0.30 0... . .. .. - - -- --- 45,0.6

COCLSIOS 2. R.L. shloeomannd F.P. Rao. "The Re-
sponse of Mechanical Shock tuola-

I t can be concluded from this study tion Elements to High Rat# Input
that the ring spring is an excellent Loading.'" The Stiock and Vibration
shock isolator for attenuation of high Bullettin, fo. 40, pt S, pp 217-214,
rate lo~d&nq phenomena. H1igh frequency Dec. 1969.
vibration of the tsolateý mass duo to
spring aurging to nut obtained becotvse 3. P.N.Rao and K.E. Hofer, "DWeign and
the local Coulomb damping forces in the Development of a Shock Isolation
spring control this phenomena. From Evaluation System for High Rate In-
this result, it Can be concluded also put Loading,, The Shock and Vibra-.
that externaliy generated high frequency tion Butlet in, No. 40, pt 5, pp 245-
phenomena would be attenuated by the 260, Dec. 1969.
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DISCUSSION
Mr. Clevenuon (!AnleRsarhCtr: you could got the high frequency transmitted If

YOU showed the compressive characteristics of you 4Wse It that way, but IU you us. it always
your spring. Cani we assume that the tensile with one side in compression,' then I think you
characteristics are similar? get the damping.

Mr.,slmn It can not take tension. ItMr etli-ms:Yuad
must be used in a situation where it is com- !fd Yo md
pressed and thei released. There are no t&-i- the oberation that there wol ehigh fre-
sit hn deristm.& quency attanuntion. Judging from the hysteresis

or the force deflection curve, with the friction
Mr. chel Rseach ahoatox): bowtie loop om It, I would suspect that near the

Mr Shll~awf esachLboa!z4 and of the stroke of the spring where the fric-How would they bestacked mechanically? to hytrei foc ol be rater significant,

Mr. ishleian: We put a post on the out- you would be eussetially locked out fnrctiws-
sido and apost on' the Inside, like atelescoping wise and. amy high frequenc vibrations within

devie wih th sping n bewomthat f rictio band, interpreted In terms of g
devie wth te srin In etwa.rtla~ve to the load, on the spring, would be

Mr. Plunkett (wUurlvntv off Mlnnsc& locked out and transnitted directly through
I sin cncerne, In ~with the uuraldisadvantag of a friction damped

respect to dumng that wales. you revers" the
motion you In fact get no dissipation sa all.
Wouldn't you think It would be possible to got Mr _Ashleman You must remetmber that
a high froquency vibraton on top of a relatively dafit the use of the sprbng MWd during the
long-travelled low frequency vibration.-thai motion each spring is in a differen 't part of the
would eeno -damp'ng? hysterests, curve, That curve is a static corve,

but roftl It is a nassive dynamic system. That
Mrt94I: 1 think It you used a single mouna that WWhIle at one $ad of the sprat you

spring, this to possiib. we used a dwohle may be an wne part at the hysteresis curv, on
spring, one on. each side, so one of them was the other *ad you may he on a diffee part.
always in comipression. It Is difficult to use There may be occasions *ban wbat you my Is
one becau* It does not take sany tansion Yes, true.
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SHOCK MOUNTING SYSTEM

FOR ELECTRONIC CABINETS

W. D. Delany
Admiralty Surface Weapons Establishment

Portsmouth, U.K.

(U) Shock and vibration isolation of electronic equipment on naval ships
can be adequately provided by a viscous damped spring system which has
a vertical natural frequency of 6 Hz, damping 0.15 critical, and a relative
displacement of 2J inches. The major difficulty in the design of shock
mounts for general use is meeting these requiements when an additional
constraint is applied of limiting the space whtch the system may occupy,
such as for a tall cabinet in the usual environment in a ship's compartment.
A usel J1 shock molint should not fail on repeated deflection due to either
shock r vibration, nor should its performance vary unduly with temperature.
An experimental shock mounting system has been designed to meet these
requirements. Results are given of some shock, vibration and endurance

tests.

INTRODUCTION

A commonly used electronic cabinet in RN ships compromise for these requirements:
has the dimensions: 5-6 ft. height by 2ft x 2ft plaan,
and weight: 400-600 lb. Such cabinets may be Natural frequency 6 Hz
banked closely together in rows, and are usually Damping 0. 1li critical
mounted on a plinth against a bulkhead, but are Deflection +_21 inches
sometimes free standing. There Is often only very
limited headroom above the cabinet due to the This allows an acceleration on the load of 9g at

presence of cable trays, and ventilation ducting. maximum deflection.

The experimental shock mounting system It must be recognised that to some extent the

described was designed specifically for this rpecification and the design of any shock mounting
application. The main objective in its development system are dependent on each other. If the main
was to isolate such a cabinet from any number of criterion were minimum deflection the use of a
shocks of any degree that would be lethal to a ship, non-linear spring, or non-linear damping might
withoutt increasing the prescribed space necessary be required. in the design described however the
to achiev:, this. above specification is adequate, and Is generally

accepted as such.
SPECIFICATION OF MOUNTING SYSTEM

The additional constraints implied in the
Assuming a viscous damped spring system, it requirement of the design were that the isolating

was considered that the vertical natural frequency system should occupy the minimum space,
should be as low as possible, subject to the particularly above the cabinet, and between base
amplitude being acceptable for resonance at the and deck. It should also withatard all likely ship
subharmonics of ship whipping. The damping must transmitted shock.
take account of this and also be sufficient to
minimise the effects of fatigue on components in
the electronic cabinets.

Experience based on these assumptions has
shown the following specification to be a reasonable
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DESCRIEPTIOY spihttingý The nU62,*J i'egion of each of the spirvtt
leaves ia: reduced In thickoess, in order toe oIWtah

Fig. is a photograph of a test~ fran', carrytx, 'low st iffness, at the sm~e time keeping ib'c
an t.lectronlc. c.abi-tet on the mounting systein. stresses low in the region of the fixing bo~fts..

Counte~rsunk washers are bcadd to the inoutdinge
- - to spread the clanipingloree, and du not encroach

......... on the space available-for. deflectloa.

Pig. 3. is a photograph of the Combined back
-I fixing, iateral spring, and damping nmbeanism.

It consAts of tw~o foam butyii'rabbe ' pads bonded to
a metal plate attached to th cabinet, Wh"-N passer
between two rollers ia is frameaittached to~the

Fig. 1. Side view of mounting system.

The spring su-.pension is at the base and
consists of four glass reinforced plastic (G. R, P.)
leaf springs.

Fig. 2. is a photograph of one of these springs
which Is a hot press moulding of epoxy resin and
continuous glass filaments laid, longitudinally,.
Trhe outer surface of the moulding is ghss cloth, Fig. 3. Damping mechanism,
which binds the £ilamenttu together ar pirevents

ASSEMBLY OF CABINET AND SHOCK MOUNTiNG

N produced irom p.SYSTEMbos availab bi copy This would be carried out on Woard ship as
iollows. The rollcr frame would be attached to the
buikhead by bolts, or wekting, an operation for

VW which there need be little precision. The springs
are bolted to the plinth, or directly to the deck ih
suitable, and would have to be located by a jig. The
cabinet to which a suitable back bracket had
previously been fixed would then be brought to
position on the springs anO bolted. The sandwich
plate would be pushed betwt-i the rollers and
bolted to the back, bracket on the cabinet.

In some cases it nity lx more convenient for
the foam rubber plate to be arranged in one of the

Fig. 2. G.RI. I'. vaf sprin. alternative ways illustrated in Fig. 4.
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6. ellable can eORily beuspecled.

~RUNING ~ 2At~ RAY6. zvot subject to fatique - long life expectancy.

7., Wide temperaturaj'operatlng rang.

a~~ H~Yi0N 8.,Fe~tMt -cemal acd oil attack.

Wit 9. Overhead cable ý-%try to-ike cab-nt is
facilitated.

SPACE
M~ Wide ma~aafacturing tolenances are acceptable.

t. ~ 1. ateral -inock isolutioa is provided, with

POSITINS 1zependeudy adJufAable stl;'Maess.

12. Daamipng material Otilist,! in displacement
dtK- to shoe&. isno atically- loaded, and not
subject to cree".
13' Damnping rnatee1aI is lovade*d only by compress ionduring shwk motlhp.
14. Non maptl i ~ould be non-metallic if
requtrredi.

14.3. No backlash i n damping me'-hanism.

-DES1' N DATACAMIEiOED DECK. TEEL PLINTH

Cr.R. P. Spring
Fig. 4. ýdde view of alternat" ve installations. -aeral., Epoxy resin with anhydride hardener/

glass filament, press moulded at 100 C foi 4 boiiro.Frern staindin consotee which mn: ' t not toGasrsnrtu816mda aogsrn

* ~~~~~~~bulkhead to be fixed to tt~e deck to provide a rigid gaulyrdcn oad nst 07%
fixivg for the damping ni-echanism. This may be

*behind 04c consklz-, or alternatively smaller ones Nominal load per spring 10Q lb.
could be placed either side if more cornvenient. Vertical height unloaded 4. i inches.

Vertical height loaded 3.5 inches.
When the cabinet. is mounted In position, Width 3. 0 inches.

electrical cables, water hoses, flexible air overall length 14 inches.
ducting, etc. may be connected, due allowvance Available deflection-compension 2.7 0inches.'Ielng made for full deflection of the mounting. Aalbedfeto-xeso . nhs

ADVANTAGES OF SYSTEM Calctulated maximum stress at 100 lb load:
8, 7001b/sq. inch.

These are; -
lEatpge tests:

1. Shock isolation up to ship lethality. 10 8cylsaamitd0,64nhpekopakt

2. Minimum space requirement above and below 18 lii.
cabinet. 30 minutes continuous at amplitude 2.5 inches

peak to peak at 6 liz.
.3. Easy installation, not requiring high precision. N eeirto a bevdo ocuino

4. No maintenance required. tLhese tests.

17



Fig. sh. tows typical loa-d/deflection
. haracterltitc !or me spr-i for a range of ]ateriaL: Foam buyl rubber - commercial
- . -poratures, The sprbigs were tested in pairs. gra.e used .ii the building industry.

Density 36 lb/cub. ft.
Width 8 UW4'has
Thiclmers I inch
Compression 0.7 inch
Roller dia. 2 inches
Relier length 16 inches

-40C. '5011C
LABORATORY TESTS.

-500

- The cabinet showit in Fig. 1. -was the mounting
, system teated. The cabinet weight was 400 lb,

/7 dimensions 5ft height by 2ft x 2ft plani, and the
height of the C.G. wias 32 inches above liise level.

0 2W Four springb were "used for the mounting, and o
da.rpingmechimism was used for back fixing.

Vibrationtests were carried out at A. S;W. E
and the results are given in Table 1. The decrease

2 C in.amplification at the lower amplitude in the
I I Vertical direction should be noted, which is

COM•PRESSION (iNS) probably due to a coulomb friction effect In the
S 500 plain roller beartigs.

TABLE 1. Vibration tests.

Natural Input
Direction Frequency amplituds Amplification

MHz) tinch)
250 .... Pek to Puak

_ Vertical 5.5 -0.010 2

0.020 4

1.0 2.0 Horizontal
,I I (parallel 4.2 0.02 .10

EXTENSION (INS) with
roller

5oo+50 1O°caxis)
I0w--. Horizontal

(rt. angles 5.6 0.02 12

to roller
axi _)

=50 - L.H.S. LOAD

- .... R.H.S. LOAD

1.0 2.0

SHEAR (INS) AT RIGHT ANGLES TO SPRING Shock tests were carried out at Admiralty

Engineering Laboratony, West Drayton, Middlesex
Fig, 5 Load/deflection curves of G. R. P. spring on the Admiralty 2 ton shock test machine.

This machine consists of a horizontal table which
is struck from below by a projectile driven up a

vertical tube by compressed air released from
a storage chamber,
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TABLE 2. Shock Tests

MEASURED RESONJANT
FREQUENCY OF DECK (Input) CABINET (Load DEFLECTION

SYSTEM VERTICAL AND (In Direction Of Shock)
HORIZONTAL S.5 Hz.

Test Applied Velocity Deceleration Acceleration Velocity Deceleration Complesson Extension
No. Direction a•cleration (ft/sac) (g) (g) (ft/Wa) (3) (inche) (inches)

1 Vertical 74.5 15.6 51.0 2.46 1.76 2.71 1.9 2.97

2 Vertical 250.0 26.2 125.5 1.74 1.12 1.58 1.78 1.8

3 Vertical 480.0 34.8 197.0 1.83 1.12 1.68 1.3 1.5
Limit Of Test Mahine's

Cepabiltils-

At Top Of 60 Inches
High Cabinet

4 Horizontal 28.4 5.5 24.4 1.45 1.14 1.33 1.2 1.12

5 (along 49.6 8.0 40.0 1.98 1.18 2.44 1.27 1.08

6 roller axis) 69.8 11.25 60.7 3.62 1.75 3.11 1.24 1.89

These results were obtained at a temperature of 20°C approx.
The same four springs and damping mechanism were used throughout the tests.

CONCLUSION

The experimental shock mounting system for The system has not yet been subjected to test
electronic cabinets described in this paper has a on board ships however. Trials on an RN destroyer
number of practical advantages. The results of are taking place in October 1971 to ovaluate
laboratory tests have shown that the protection installation, ship machinery vibration, shock due to
given against any transmitted shock up to lethal mortar explosions and sway in heavy seas. The
severity in the naval ship environment should be system will be further tested in 1972 on a target
adequate. ship of destroyer size which will be subjected to

shock of lethal severity.

DISCUSSION

Mr. Pakstys (General Dynamics Corporation): Mr. Koen (Bell Telephone Laboratories):
I noticed in the vertical shock test the second What were the time intervals of each of your
set of values were less than the first set of shock tests?
values even though the input was larger. Is
there a good explanation for that? Mr. Delany: Is it of any help if I give you

the velocity in feet per second in addition to the
Mr. Delany: I do not have an explanation applied accelerations? It would be something

other% than that te first set of values may be ccrresponding to sine input.
nearer the natural frequency of the system.
There must be some sort of interaction between Mr. Tinn (Admiralt Engineerin Labora-
the testing machine and the system under test. tory, West Drayton, Middlesex): The shock
But this is quite right, there was actually less machine to a long tube and there is a collapsible
deflection for the larger shocks, bullet which is fired with compressed air. When
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it strikes the anvil this puts the Input shock into Mr. Koen: What was the shock pulse shape?
the system and the shape is controlled by the
coll-,sing head on the slug. The deceleration
phaL - is controlled by the damper settings on Mr. Delany: The shape is controllable to
the table. This is the Admiralty Standard 2 a certain extent in that they usually try to obtain
Ton machine which takes items up to 2 tons something approximating a damped sine wave in
total weight. the velocity.
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METHODS OF ATTENUATING

PYROTECHNIC SHOCK

S. Barrett 3ad W. J. Kacena
Martin Marietta Corporation

Denver, Colorado

A series of tests has been performed to evaluate the shock reduction ef-
fects of using various materials as shock isolators both at component
.mounting locations and at mechanically fastened structural joints. This
paper describes these tests, presents~ the results, and compares the ef-
fects of the various shock isolation configurations on a shock response
spectrum basis.

INTRODUCTION These approaches are listed in their order
of desirability; obviously, if 1) could be

Mechanical pyrotechnic devices are widely achieved effectively, then the problem would be
used on'space vehicles to perform many vital solved. However, it may not be possible to

Mission functions. Unfortunately, a high- modify and requality a piece of flight hardware
intensity pyrotechnic shock environment usually in the time available on a particular program;
results as an undesirable side-effect of their in addition, such a solution would probably be
operation. The severity of this environment different for each kind of device. The second
varies with the kind of device and its location approach is also greatly dependent on the in-
relative to sensitive components. In the past, dividual application. Separation nuts, for ex-
most vehicles used relatively few pyrotechnic ample, frequently connect major structural ele-
devices and good design practice had the more ments and are required to transmit large forces,
sensitive components mounted as fat: as possible so there are obvious restrictions on the kind of
from the devices to minimize the shock. How- isolation matorials that can be added to the

ever, the trend on more recent vehicles is to system. Thus, the last two approaches listed
use increasing quantities of pyrodevices (50 or are probably the most universal in their ap-
more), making it Impossible to rely on distance plication. The study described in this paper
alone to attenuate the pyrotechnic shock envi- war, directed toward obtaining test data on
ronment reaching sensitive equipment. these methods.

Failures during shock qualification tests When the sh~ock pulse caused by a pyrodevice
and actual flights [1,2J have shown that pyro- travels across a mechanical interface, some
technic shock can be a critical environment for attenuation of the pulse occurs due to the re-
certain types of electronic componentsi. A need flections of the wz-.;. ..... nsmittinS the energy.
to develop techniques for attenuating pyro- This attenuation can be Increased if two dif-
technic shock clearly exists and the purpose farent materials make up the Interface. In
of this study was to identify and evaluate much this context, thk materials are required to
techniques. The study was sponsored by the have different mechanical impedances. This
National Aeronautics and Space Administration, phenomenon is discussed in detail in Appendix
Langley Research Canter, Hampton, Virginia. A.
under C~ontract NASI-9000.

Shock mounting of sensitive components can
Four basic approaches are apparent: be achieved In several ways. These Include htard

mounts where the impedance miamatch of die-
1) Reduce the shock produced by the pyro- similar materials provides shock reduction,

technic source, mounting brackets where the Impedance effects
2) Iolae te shck oure frm ist up- of bracket geometry are important, and soft

2)Iolate- stheshckt sure, ro mounts where relative motion to the significant
port.4 sructre;parameter. Of these the greatest shock reduc-

3) Increase the attenuation occurring in tion ts generally achieved with the soft mount.
mechanical joints in the shock path be- The primary effect of the soft mount is to
tween the source and components; create a low-frequency single-degree-of-freedom

4) Sockmoun coponets.system which changes the shock waveform as
4) Socknoun coponets.though it had been treated by a low-pass me-
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chemical filter. The low-pass mechanical filter Three families of materials wore investi-
concept is described in detsil in Appendix B. gated. The~se were metals, hard nonmetals, and

soft nonwrstals. The actual materials and con-
TEST PROGRAM figurations tested are listed in Table 1. The

joint uas first tested with no insert, to pro-
Joint Attenuation Tests vide ibasis for comparisor. with t.Jbseqv'ent

joint configurations. A total ef 35 joint It
A number of tests were run on a model ina.r-. configuratio,,.s was tested. In every case,

porating a simple mechanical interface, in whiich the effectiveness of tbu configuration w~as
different materials could be inserted. A shock judged, in terms of the resulting shock spectra
pulse was applied on one side of tha joint and on the side of the interfacr. furthest from the
the shock level was measured on both sides. The input, by comparison with the r.-sult fro;m the
test setup, Including accelerometer locations and untreated joint.
the joint details, is shown in Fig. 1 and 2.

Specimen Suspended with
Four Elastic Cables

Twooc 3-duct Piceyo
4-I. luPenduu Channelo

Fig.- I emSe imn. Test Setupea

in.22



TABLE 2
TABLE 1 Observed Shock Reductions from Joint

Joint Configurations (See Fig. 2) Isolation Tests
Joint Insert Insert Shock Rduction (Rlttve to Hard
Configuration Insert Washers Thickness Ourometer Joint Sock Rection Peats tH)
Number Materials Used (in.) (Shore A) Configuration Mount) at Spectrum Peaks (%)

Number Location 2 Location 3 Location 4I* None No --
2 Steel (S) No 0.00 2 16 22
3 magnesium (M) Yes 0.125 -- 3 22
4 Teflon (T) Yes 0.125 -- 3 20 14
5 Phenoli c Yes 0.100 4 40 25
6 Fiberglass Yes 0.125 -- 5 4 11
7 As',stos Yes 0.125 -- 6 12 14
S S-S No 7 16 14

9 T-M-S-T No -- 8 32 31
10 M-S NO - g20 31
11 N-S-M-S No .- 0 5
12 S-M-$ NO "t 10 36 51
13 N-S-M No 1 40-3

14 M-S-S-M No t .. 12 34 40
15 1 Steel No 0.060 -- 13 40 17

Washer (W) 14 32 40
16 2W No 15 24 34
17 4W No - 16 0 6
1Wi 4W No -- 17 0 14
19 6W No 18 46 48
201 SW •o No 19 16 2021' H-S-S-.M ho 20 .- 6
22 * None No 20 56 62
23' Neoprene Yes 0.063 5o 21 40 40
241 Neoprene Yes 0.063 60 23 0 21
251 Silicon Rubber Yes 0.063 50 24 0 026' Viton A Yes 0.063 7524
271 Adiprone Yes 0.060 87 26 14 15
281 Viton A Yes 0.125 752 13 4
29' Neoprene Yes 0.250 80 37 23 42
l30 Viton A Yes 0.094 75 28 35 50
311 Neoprene Yes 0.125 50 29 23 47
32 Neoprene Yes 0.250 50 30 42 42
331 Alumtinw Yes 0.250 -- 31 44 52
349 Alhinuo No 0.250 - 32 41 40
35 Lead Yes .0.100 1 . 33 17 i5

*Hard joint (baseline) configurations. 34 17 0
iThickness of multiple insartk Is the st of individual thick- 35 35 40
nesses previously isted.

'Loose joint.
'Rubber sltqws srounld bolts.

10o0w• . . .. ... . . ....

1010
The results are summorized In Teble 2, with.Q 1

typical comparative shock spectre shown in
F U2 4ig. 3 thaough 

w.h cete r ,

Shaker te*ts ye performe on 1ý different
component configurations. Fourteen of these
Involved the-1,54-lb component depicted In fig.
9 Tiht Input %hock shown ig. 1,0 wos syn-
thosized using Ling Shock Synthesls/Aualysis
equipmeot. Testing proceeded first with a
hard mounted configuration, followed by 13 '
soft mounLed configurations. The soft mounted .0Aculee~tsr
conflguraltions utillaed a pair of soft washers
to simulate colercial1y avallable iroailet-
t Ype mounts. Table I presents the rei*vant
configuration dot&.

Table 4 shows thes* tost results In the
farm of percent of reduction In shock level at
the spectrum peak. end fig. It and 12 illustrate
typical shock response spectra at acceltrom- No - =41
oter location 2 for the lard mount and other
configurations. Ffqseecy (aI)

Fig. 3 Shock reduction across untreated Joint,
Configuration 1
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- o V. I

10,6 - 1

- Ctflgwrtlm' 11

Confiigraio 1-

IND0 Con-figurationa.

Caflf.00rat• a-1Cc~f~ur~t~e 11200- i

S I I J I

IGO,
I1W0 200 SOO 1IWO 2000 5000 10.000

Fig. 4 Shock spectrum for metal inserts, Fig. 7 Shock spectrum comparison, single and
Acceleroeter 2 multiple Inserts. A.elteraneter 2

110

: .U tttU&o o

f /~rt•I 1.

Fig. S Shock spectrum Co ~rison. tight and fig. 8 Shock slpetrus foa soft Insert material,
loose Joints, Mc. Cetroter 2 Accelerometer. 2

m - •,+,+•,-. .. .I, ,.

-7Wt

(.. 'U. I" ;' H

'" i,

Fig. 6 Shock spectrum wovriw•, with and Fig. 9 C4WP t shock lAst setW and =m0t
without ribe.r sleave, Accelerimter 2 details
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NoX

Iý 10ro RmzmFg.1 yia opoetsokW t

5 14

Fig. 12 Typical component shock spectra,
Fveqw6y ~ ccelerometer 2.

TABLE 3
C poet Isolation Confgurtioonialsnlv.alnva IlbrlA

czmp~w Aprxmt hcptcin pcai sutdo ofLr lworitf
C~nfgurtio ltnt IrlRltv oww4wut oPou*a0ut4"tUa

InFig. 12Tpci ooen hc seta
3c..~e

Configuratio i71t~ Is"ua ~at to line ~the tqlo prlo e abikit .4 nti ura

An I. 1)MA

12 300 90
13 450 SO

14 IM~at 9fLtj1ttaS uafnt.



As a result of the theoretical develop-
me"ts in Appendix A and attempts to correlate

t5"Ot SO~tO these developments with the joint test data,
it was found that the attenuation effects of
the untreated joint and of the isolated joint
could not be predicted analytically. Although

t several joint configurations did exhibit
________shock reduction characteristics. the best[ . estimate of attenuation for other conf igura-

tions will have to be based on epirical re-
suits such as those presented in this paper.

Of the joint configurations tested in this
me- study. a loose joint exhibited the greatest

attenuation. However, the use of loose joints

________is not particularly good design practice and
is likely to create. more problems than it

~.. solves. Furthermore, when the Insert ma-
, \N4tendas used art *eleatoomars or lead, which are

subject to cold flowing under load, the time
11-Nbetween assembly and flight way degrade the

efficiency of these materials. thus precluding
their use. finally, many design engineers

A i i.eoun on the use of a rubber sleeve around thes
we fastourra at major structural joints. Their

Im ti tM41xatjo'40iae that it is bad dsSIgn practice to
Fig. 13 Relay package shock spectre rely on trictiot, to carry shear loads i&u a

J. Aheatshrnk rbbersleve aoundthe joint that is not Sui,,4oed to displa~e.

bolts fastening the* jelnt Introduced oignif I- based on the results of th&a study end theIcant shock reduction (FIg. 6). obje~ctionst stated above, the moat pra!-ttcai
joint loolistion Insert material would Involve

3. Asseamlink the jolnt to be loose Maltivlo layerk of t~vo of more metals. tie.
caused additional shack reducclI'n across the wtact c.onItguration, of cizurse, wousU depend
#,tant (fig. 5). on th* avaiablt Aspace &and thoe strutural as-

toer6it Ot on eacitside o the joint. It the
a. LTL IThpribary sltruc4turo to 41uminue, sad If Insortts

of stwel end magneIsiw ato available. as theY
.It Lead was the vnly mate~rial to produce Vor* tin th&# *tudy,. the i'ecommetdei insetol

signiic~abt sttack teduction vhen used alone. wviuld be four alternate laYers of aa*ataium-
itt~-majasiu-eteI I order from the sheck

I. hiultsplv i oef.@ steel atrsteeol side to the respoans side4 of the )oiat. MhIs
We here Vtr. 0o mote effectIVe than -e Single tosg at*a&e where more v-ast dat asoeds. tO be
steel insert, gtiving olkly a slight reduction ecimlt4In Order to ideetify "i lepor-

(Pg.7. atent of the stany parameoters involved. - 4itts
type. atid thickae#40eot material should4 bt

)~Alternate lsyers of #teel, &Md iagos tried. 6s well as 441fertat tot". at sh~ck
s140 Go Inserts prO14ided the best reauCtiose, Inut. ruttuar tostu* to this *rea I*shd
Up to ioas ocgz. (fit. 1). w-1e4 to W, Perf(Wmed by the owthlo.s uoiat a

*es odel 'Sort hritrsi of a teel sWPec..
A. A"ysd~imahee throFugh *US* uscraft and actual Pyraocekoic deovices. lbs to-

of ietal insertts only APPII&A to the 4*0*1. Suits of these tests* VIII be to~siei the.
freqenc regi vcr was ffectifely no eaCrl part of M~..

reductiva roelow aboit 1SQQ Us (igs. 1.),

Data& frot the '&060w40t i~eie.~e
1. NO 0ignificast etteewatige Was IDWMasrlse JO table A. JMdtC*At that 014 elect

"MhIfved 001118 tinle inserts, Of 0a4d Mee- attenuatfuft tends to inctse*e of the aftated
metals. mtatutal trequency dfecreafse. this t~read Isk

-COsIsteett With the ftQ;4Si4AmI~ filter t..4ept.,
U. 14M SMWSIJ.TALS, and Ieillystroted to Piri. 14.

I. The thicker, bAd Softht materialw A second chatecteristiro of a mechaftscal
showed %art than 4#01 shock redactien at filiter to a Slight asp1.fitttois ti of the Shock
higher froquenclse. With iaboot 3QZ reduction spectrm up* is the Smpsted MouterS1 ftroqesicy
at lower frmquesciea (Fig. 0), but With teduced le*6l% at kigher freqwencies.



* ~Although the dashed curve is a ware con-
0** servative prediction. it also appears to be

more descriptive of the test data. particu-
tg larly for the hi&frr frequency mounts.

This noticeable lack of correlation be-
twe** test and prediction Is not necessarily
attributed to deficiency in the prediction
technique. in Fig. Ix,, the data points repro-
sented by "0" case from shock spectra having
shapes characteristic of the mechanical filter

* concept. but the dote points represented by
"S" caoe from shock spectra having an Initial
peak at the mount frequency and a higher peak
at approximately 2000 Nx. The existence of

this second peak (Fig. 12) indicates that the
component. at least whvre the response accel-
e raoweter vet mounted. d1d not operate In aopnn'

Fg14Shock reduction versus munt5t frequency structure could be driven by a rather lightly
damped sinusoid at approximately ons-thlird the

This characteristic is also quite evidsot in frequency. say $50 to TOO HRe.
the data Presented In fig. 11 aAd 12. On the
re*lay packagie tes... The existente of low fro- The diascussion lamedlately preceding OaY-
quency aep11! icat,'on could. not be verified sowid like rationall.ation to justify the pro-
because ot a ralatively high noise level In dictiuiv t~huLIViquo (fo it Ilk the OPM10lo Of
thef Iowi-f~reqlavry data. the auithors that the sho*:k reoponot at a #aft

mounted coeponint Is relacively predictable
Xhe analyti4cal di*4cussla of a shatA evenon an .o wtk apictrun -aslit. The priaary

mounted compooent, wkhich is presented In Ap- concern of a% 4eqoipsent desLigne. of or.
PsodIX 4, conCIdeS* Vith a technique for ptv- ci '4 l for 60~~ etfecto of Shock on the
dicttlg the shock: rtduction, rhis predi4ctlon fpatst iceide 41%. coaponent. Whi ýpoblat mIs
ttehntIque reuires A OhOCU 04eCtrUU of the not vOrY *MnA~bIe to 4nslyst# -beceoee vi theW
"mtion ilout to the ro"wnentat ana knowledsw Ope tvf the modril that. iVuLd be 10eatoirea

Of the m"4nt0d natu iifrequenY. It &ShUg0 ovvr it 1w 'O..oeadrod 6.4t tho apptsach
t~.at eution Input Is impuloive itt Aatutfe ad diu..ed4* his* ;4t be ua*d to 4derive an aotl-
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APP~X A- Z~lDACR CMS hR*XCUSPotential *enarly

Wra eances (3) and 141 present so" am.-
lytical developments that are repeated heretoKnicaes Av
clarify what ime&at by imped~ace effects on
shock wave transmission. The syubols "a~d are: f2 j2 A V

f force magnitude
W~tic* ia the 94 (A-i) for conservation ofT period of tina energy that halt the energy Is kinetic and
half is potential. Solving (A-1) for particleA W4VOelenth velocity yields

a deflection
V (A-2)
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I Modulus of elasticity Ths mmentum change due to the applied
Impulse Is

0' density
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When (A-7) and (A-5) are substituted into V1  va V (A-13)
(A-6), the wave equation (A-$) results:I R

a~u az (A-0) Substitution of (A-2) into (A-13) yields

7 ff - f i

The foriso h ouint tewv AA 7,

equation ca& be (A-a) Ao deriv a relatonshi (A4 'g

Solution *u (Z't) * (I - s)and solving Eq (A-12) and (A-14) siultosnouely
frteratio#s a ie.

(A-9)(A-wU)

I+

Ftan (A-4), 9 c2a end (A-10) becomes fi 1 4

Ai CV whewre s Is the Ispodonce rablo

liquation (A-11) has soot important phyvical
oSm1fnkance: compres-siv* stresses result

0) wb*n the pzrtL;Io v*I"Ity and the A w(AAlt?)ý-A
wavev velocity 4--. In the oSme direction A ;I
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* t~,ti~i~* (ht (%tl*<t~ona rC0 COU4~.14 and transailstanii

U4104. the duvot p*04to Presented abqv*. weva ftdallcintt frum s *tW,( do"**e %ter La of
equtl~brium end comfpatibtitlty at the joinut 1agoe *rwi Inuto 4 soot. ligt fleeriol vigil
in Flie. A-3 con be used to dJwoasttatfA Ptv- Att&. V4 thla ottuatilo

ihsacs ipiase **ec~ At Lim 10.10t Vi tla 'ted-60 veva to tocnsi1s, &Q in the lItit'
th.#iau~evk.elet. enýjotVAO o o w f i

a irofl#.tot v444. a4d a ttdiwettuel vtva. All wad.
Woves at% .4to bo ~pe~1t and the

Int of te -jolnt to *0 emait tluat 10*crt' the ecet tt . eppliUotitl o

. Jxvitst vivet# twtlu 4 lie* *to tht attv# .iateei
- ~iwo vait 4AM Invot ftster 11 to %k'444 tva

'~~ ~ ttsns4~teslo*. tuaa ~t i o t6ie '
'i~~f~tC4rv@ bc.'p-q 't~ qmbte. tt tries.aictf ffJ -k

....
r

Of ~ ~ ~ ~ ~ -Ota odkguo-t* 1tosS .-..st's 'I ..i 0" t. C1 fIN 4 Is4 at

~~.4 C4 -~5' tt4 r I i Aa ot~ Ie ite t 1 4

i At I o

1,* *4 IL~ -.4 Yatta t~'* Z#



APPENDIX B - EC.AINICAL" FILTER

Eq (A-18) Analysis of the mecbhnics of structural
f• motioa can be achieved by a wave approach,

T 1 as in Appendix A. or by a modal approach. It
T.i .s more couvenient to pursue a Modal analysis

when the structure tends to move with only
one degree-of-freedom. Hence, th* analytis
that follows treats the motion of a shoc¢&
mounted component as a single-ýegree-of-

Ireedom system forced by a motion input at

02 3 the base.

a When the hard-mounted system shown in

F.A-4 Plot of transmision equation Fig. B-I is forced with the base motion 6,
Fig. Athe shock sensitive element inside the com-

ponen.j will also be forced with the base mo-.
sncw is probably not as great as that 2re- tion A. Generally, in shcck analysis the po-
dicted by Eq (A-18). tentielly damaging input to the sensitive ele-

ment is greatly simplified from 6 to the shock
Even neglecting re-reflection and con- response spectrum of ý. For the components

structive and destructive combinations c' tested during this study, the shock spectrum
waves, predictions based on Equations (A-15) at the base was in the range depicted in Fig.
through (A-16) are not very accurate, es- B-2.
pecially for mechanically fastened joints.
The primary problem is that mechanical joints
are not perfect. FLgure A-5 illustrates that Sensitive
one mechanical joint on the microscopic .;cale Element
is really three joints, %nd the cross-section
"areas of sections B and C cannot be deter- Hard Mount
mined analyzicaily. These unknown section
areas preclude a reasonable determination of
u at all three of the joints.

S~Base

Fig. B-1 Hard mounted component

A D

Fig. A-5 One joint, or three? or more?

This appendix has derived bome of the equa-
tions governing the motion of plane longit.u-
dlnal waves and has Llusteated what is meant
by the effect of mechanical impedanue at struc- Fig. B-2. [nvelopt of conmonent test data
taral discontinuities. Futthe.mors, two of the
falla-"es in using impedance charactertstics
for prediction purposesi have been nointed out, Fur the shock mounted component operating
Finally, a wave analysis becomes vastly more in a single degree of freedom, the Idealized
complicated whcn wavnes are no longer considered system pictured in Fig. B-3 results. The
planar and wlacn shear and flexural waves are equations of motion for this two-dagree-of-
incl~uded.* freedom sy~teir are;

IiX+ C (k( d ~ + Kt (X -X) 0

M1 X1 +' C! (X1 - -5) - C (X -Xj) (B-I)

+ KI (XI - "') - K -X -X) a
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X xI4 f, 4j
and

i: (B-5)

mI Xl A , - 2 Ae 2

koAssuming 0 tje shock counted con-

ktio pootont, the max 41 value becoaies

.Since X1 + max I kn0wn from the shock spectrum of
Bas .6, Eq (8--4). becomes-

Fig (-3 )Shock ipoltted coiponent 0. ... Ts

If the mass ratio M/Ml is so small that X+- 1.17 X1 a( e-ff c f a l•2 l fs (Bh -7)

the moiaon of ( does no luene the uo- oTn te orig
'tiot of bo the eastimole of m otron bbe omkxos its vhle doer nseactru m,
uncoupled: aq (t-)vfore Is hicy ieaasemotio

ipu to he snsitive l ence, (B-2)The stherSheo Spression in
- +urO -q (B-7) is plotted in Fig. B-4w This shock

X I Xi + te (XI - + K 0 (5-3) spectrum is the effect of a low-pass m6chan-
ioal filter (the shock mount) on the original

It now becomes a simple matter when 6 is knownt inpuh shoik spectrum.
to solve Eq (B-3) for om , which is base motion
input to the shcsptrm o . I tShock Spectum
system in Fags B-3 reduces to the sysien pic- of
aured in Fig. t-i where the mo•ion input is e .a w

X•instead of 6.

Shock

Spectrum
For shock evaluation of the soft mount, the ofn t

shock spe 'rum of R, is tho importanf parem-ct
eter, and not the shock spectrum of t. Wiathin
the limitations of some additional assumptions, eQ d
the shock spectrm oform can be.estimated
based on the shock speFtrum of d. It mustsn odwi
first be assumed that 6 is impulsive. in nature -....--

and not a sustained transient This (eans
that w he magis tudh e d p reathock spectrum of p px-
at the mounted natural frequency, Constant

at(igerfrquncesinthsfatreio o

Th fmI aKgnt ud at t independent pa Line

the vdlue ofopdampini assumed in the hpictrum'
analysis of 6. It is also assumed that the

• ~~~~response motion of the component is a damped i i . .

sinusoid of the form f

A a-;21t~t in 2Tr I V17- t (-4) Fig. B-4 -Shock spectrwn of damped sinusoid with
X• -A e-2"ft si 2 •fl • (=4)10% damping

where e. is the damping ratio. The new spectrum peak occurs at approxi-

mately the natural frequency, el, and the
The maximum value ofXI In Eq (B-4) occurs sh3ock level is slightly amplified at all

at approximately frequencies below fl, but reductions occur
at higher frequencies in the flat region of

the spectrum.

The magnitude at the peak i~s 1.8 times the
modulus of the damped sinusoid, which Is 1.17
times the value of the or'iginal spectrum at
the frequentcy, fl. This yields a total &mp~l-
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fication factor of 2.1 over the original spec- REFERENCES
trum value at fi.

I. W. J. Kacena, III, Dr. M. B. McGrath, and
.. In the low frequencies, the shock spectrum W. P. Rader, "Aerospace Systems Pyrotech-

of X1 is asymptotic to a line of constant nic Shock Data (Ground Test and Flight),"
velocity (a slope of I on logarithmic paper). MCR-69-611, Martin Marietta Corporation,
This constant velocity line intercepts the fre- Denver, Colorado, March 7, 1970.
quency, fi, at an acceleration level a factor
of 1.17 above the original spactrum.

If the curve in Fig. 3-4 really doe, repre- 2. F. A. Smith and R. W. Burrows, "Analysis
sent the shock spectrum of li, the shock reduc- of Shock Failure Data and Estimate of
tion due to soft mounting can be predicted as Viking Program Impact," VER-117, Martin
follows. Marietta Corporation, Denver, Colorado,

January, 1971.
1) Determina the natural frequency of

the shock mounted component.

2) Read the acce'eration magnitude off 3. L. hl. Donnell, "Longitudinal Wave Trans-
.ae original input shock spectrum mission ond Impact," Presented at ASME
curve at the natural frequency. Semiannual Meeting, Detroit, Michigan,

3) Multiply this acceleration value by June 9-12, 1930.
2.1 (1.17 x 1.8 for C - 0.1).

4) Calculate the percent of shock reduc-
tion by comparing this value with the 4. H. Kolsky, Stress Waves in Solids, Dover

peak of the input spectrum. Publications, Inc., New York, 1963.

DISCUSSION

Mr. De j(rick (Hghes Aircraft Co.): When thing as possible. We are aware of this problem
you are using these iitshock mounts on com- but we hope our transmitters do not fail.
ponents are you concerned with thermal control? Mr. Thomas ýHon,"ell Incorporated.: What
Our thermal control people do not like isolated type ol components are to thi type of
things like this for spacecraft, hence we have shock?
been rather unsuccessful at soft isolation.

Mr. Kacena: Relays are notoriously sensi-
Mr. Ktcena: We do not like to either unless tive to pyrotechnic shock. Other components

there is a good reason for it. We have some have to be looked at subjectively. For example
relay packages that might not survive the types if you have an oscillator that has a fine tuning
of environment that we have predicted, so we screw and if that tuning screw does not have a
have soft mounted them and we have looked at positive lock of some kind it may turn. That is
the potential problems. Suppose something fails not a catastrophic failure such as when structure
the qualification test and we do not have time goes flying all over the place. However you may
to redesign it. We take the component as It is get some pretty garbled data back, and generally
to find out what it is good for by quaLifying a pyrotechnic shock failures are of this nature.
couple of other units, and if we find one that is Our reliability people have found that the most
reasonable and it finally passes, then we will significant structural failures from pyrotechnic
try to shock mount It. But if there are thermal shock, are in the realm of shocking something
problems, such as a transmitter that radiates to its qualification level eighteen times. Eighteen
a lot of heat, then there is not much that can be is the magic number and things start to fail, al-
done except to put it as far away from every- though that may be a bit unrealistic.
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ENERGY ABSORPTION CAPACITY OF A SANDWICH PLATE

WITH CRUSHABLE CORE

D. Krajcinovic
Argonne National Laboratory

Argonne, Illinois

Presented is a simple, approximate dynamic analysis of a sandwich type
pressure vessel head plate-with a significant energy absorbing
potential. The analysis is based on the propagation of a compression
(shock) front through the core made of crushable material.

1. INTRODUCTION, BACKGROUND AND OBJECTIVE absorbing potential, and a driver plate not
attached to the plate with main purpose to

Basic structural requirement of a nuclear distribute the load across the cross section
reactor pressure vessel design is the absorp- and to spread it over a longer time period.
tion of the energy associated with a hypo- Two major benefits of the latter design are the
thetical (design basis) accident. Since the fact that the upper plate is fixed, enabling
vessel itself is located in a cavity, the better sealing during and after the accident,
collapse of the cylindrical part is not consid- and (as it will be seen later) the possibility
cred nearly as serious as the rupture of the of the choice of the maximum pressure intensity
head cover plate. The reason is obviously that to be transmitted to the upper plate. A
the rupture of the head plate is followed by a negative feature is increase in vessel length
substantial leakage of irradiated substances by choosing a layer of honeycomb of excessive
(such as plutoniun aerosol and liquid sodium in thickness. In order to avoid this problem it
case of a Fast Breeder Reactor) from the vessel is possible to couple two designs and choose
into the area in which people work. It is, the upper limit of the pressure over which the
therefore, considered imperative to design out head plate will leave supports and activate the
the possibility of a head plate failure by external energy absorbers. In this case only
providing for the absorption of the energy for most severe, low probability accidents one
directed upwards, will be faced with the leakage problem.

To this end two alternatives were consid- From the computational point of view, the
ered during the recent design of the FFTF (Fast second sandwich type alternative is a more
Flux Test Facility) pressure vessel. According complicated one- It is our objective to formu-
to the first alternative, in addition to the late a simple dynumic model which will, in
strain energy dissipated in the plastic defor- early stages of the design, provide information
mation of the head plate itself, the main part leading to the choice of optimal geometrical
of the energy is entrusted to an external and material parameters of the entire three
energy absorbing mechanist such as a system of layer model. To this end, a series of assump-
stretch bolts and/or dashpots. Obviously, a tions and simplifications will be introduced in
substantial motion of the hiad plate is neces- full awareness of a need of eventual develop-
sary to trigger this externil energy absorbing ment of a more complete computational model.
system. This, however results in loss of The purpose of the presented computation is to
plate-vessel integrity and opening of substan- provide some information on the intensity and
tial potential leakage paths, the pressure time history for the upper plate

and on the energy absorbed in the process of
According to the alternate idea, the ener- crushing. In addition to this, the model

gy absorber is located within the vessel as an should provide for a first estimate of the
integral part of the head plate. This design influence of various design parameters on the
covisists of an upper head plate, providing the absorbency and finally murvivability of the

Sbending stiffness, rigidly attached to supports entire structure for a given accident.
and the cylindrical part of the vessel, a layer
of crushable material having high energy 2. COMPUTATIONAL MODEL

Work done under the auspices of the U.S. An "exact" analytical description of the
Atomic Energy Cowmission. model, even for the axisymmetrical case, would
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involve a set of nonlinear (both physically and slug radius and finally on the designed distri-
geometrically) partial differential equations bution of the crushable layer across the plate
(a mixed nonlinear initial value and boundary (penetrated by all types of openings).
value problem). Corresponding solution is
apparently attainable, if at all, only through As a result of our choice of the material
application of large computer codes being model for the crushable layer, the propagation
utterly inefficient in early design stages. As of elastic stresses is instantaneous throughout
it is usually done in structural problems in the model. Changes in relative positions of
order to simplify the analysis, we will approx- various points (strains) will commence only
imate the real structure with a one-dimensional after the applied pressure p(t) • PC exceeds or
model. As far as the upper plate (bent by the equals the crush strength of the material. Due
pressure) is concerned, no special problem is to the fact that the part of the stress-strain
anticipated. The approximation of dynamically curve 0 1 c 1 cc is horizontal, no plastic
loaded circular plates (deformed elastically in waves will propagate either. However, as a
its first or fundamental mode) by a one-dimen- result of strong concavity of the stress-strain
saonal mass-spring oscillator is a routine curve in the vicinity of c - cc, a sharp com-
engineering approach. In the case of plastic paction (shock) front will be generated. This
deformation, the procedure is not any more type of behavior probably deems some e~planation.
straightforward, but a method presented in (11
or [2] may possibly be extended to cover the We recognize the fact that the behavior of
case when the load (and not only ideal impulse) a representative crushabli material such as,
is acting upon the plate. for instance, honeycomb is dictated primarily

by its geometrical configaration (and much
The crushable layer is approximated by a less by actual characteristics of the material

rigid-perfectly plastic-rigidly locking model itself). This explains the fact that both
(Fig. 1). In this way we neglect elastic steel (i.e., ductile) and phenolic-glass (i.e.,

brittle) honeycombs perform much in the same
way, although the process on the local level is
completely different (buckling vs. actual
crushing). Gross behavior exhibits significant
plasticity (functional in nature) although as a
result of the absence of strain hardening no
plastic waves will propagate. The predominant
process is obviously that of compaction, i.e.,

. propagation of a compaction (shock) front
C through the crushable layer.

Since the entire process is dictated by
the geometry and not material characteristics
of constituent materials, no significant
unloading waves will propagate and the entire

E process is strongly irreversible. In other
O words, once crushed and compacted to the den-

sity p. (corresponding to the locking strain
Cc), the honeycomb will be assumed to behave as
a rigid material.

Fig. 1. Stress-strain law for the
crushable material The lower, driver plate is assiued to be

rigid and no credit is given to its energy
deformation and consider material as being absorption (strain energy, etc.). The plate is
perfectly rigid up to some crushing pressure PC modeled by a concentrated masw ma and Is
at which the skeleton collapses and without assumed to provide only for a more unifom
further load increment compresses to a certain distribution of crushing.
density Pc (defining also some ultimate strain
cc). Once crushed (compressed to P.) the The analytical model described above is
material ects as incompressible. Although presented in Fig. 2. We note that the model
extremely simple, this type of behavior is in a accounts only for mechanical means (strain
very good accord with the experimental data energy and crushing) of energy absorption. At
reported in the literature (see for example this stage thu energy dissipation mechanisms
Refs. 3-5). We should probably mention that astch as pnewiatltc (6) and thermal 171 damping,
for high crushing velocities (higher than what having to do with mess and heat transport
is expected in the case considered) some rather within gas filled porous materials, are not
high peaks may take place in u-c diagram 13,51. considered. A potontially significant subject
This problem may be alleviated by dimpling the directly related to the energy degradation is
layer on both surfaces. The main source of also the dissipation mechanism resulting from
uncertainty is the definition of the effective viscous effects in two phase (say liquid sodium
crushable area in the transition to a one- mixed with gSa) fluids. This effect is not
dimensional wodel. This depends not only on considered to be within the scope of this
the bending of both plates, but also on the paper. All of these neglected effects, being
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The following notation is used. Densities
(initial and terminal) are denoted by po and
0c. Co = 0 and cc are corresponding strains in

mr virgin and compacted zone. Pressures behind
and infront of the compaction front are
denoted by p. and p÷. Masses (lumped) of the
lower (driver) and upper (head) plate are

u x k(Ib/in) denoted by ml and m2, mass of the crushable
layer (per unit of length) is m. Thickness of
the crushable layer is L, while k is the spring
constant of the head plate computed either from
the static deflection for unit load or from the
first natural frequency.

u a) One Compaction Front

We introduce an Eulerian coordinate system
.and denote by u1(t) the displacement of the

lumped mass m1  (driver plate) and by u2 (t) the
7 7 xdisplacement of the mass m2 (upper plate) and

consequently spring as well. Two corresponding
velocities are denoted by ;1(t) and h 2(t).0
Consider first the case of one compaction front

wipj • ( AD - (Fig. 2b), generated at the unloaded end (on
the interface with the driver plate), propaga-
ting through the crushable layer towards thespring (upper plate). Denote the velocity of

Fig. 2. Adopted computational model: a) ii- the compaction front by i(t). As a result ofStial state, b) one front propagating our choice of the stress-strain law both
from the loaded side, c) two fronts uncompacted and compacted zones move as rigid

bodies with velocities '2 and u In order for
propagating, d) one front propagating the front to propagate, the following
from the spring side Inequality has to be satisfied

dissipative mechanisms, are expected to > u> (>)
diminish the pressures we are calculating with - 2

herein. In that respect results to be pre-
sented are on the conservative side. The violation of the first inequality stops the

front propagation, while the second inequality
prevents the generation of the unloading

3. GOVERNING EQUATIONS (tensile rarefaction) wave which Is ruled out

We consider the mechanism presented in a priori.

Fig. 2a, subjected to a pressure p(t) with a From the conservation of mass
known load-time history. The pressures less F
than Pc will instantaneously propaAata through
the sandwich followed by the ensuing deforms- - - 0.u+ (2)
tion of the elastic spring. Increase of
pressure in excess of Pc will generate a dis- and conservation of momentum
continuity (compaction, shock) front which will
start propagating through the crushable layer. p. + mu- pi + mu+ (3)
We notice that the generation of the front is
not the function of the suddenness of the equations, we write two Hugoniot equations
impact but the direct result of the adopted relating discontinuities in pressure p, density
stress-strain law. The front itself Is a P and vqlocity a, ahead (sign "4") ond behind
traveling discontinuity surface for the stress, (sign w-o)ithe compaction front,
strain, and density. As such it may be con-
sidered as a strong discontinuity wave or * •+ (•
simply a shock wave (see for instance (81). We
will employ the so-celled elementary theory of (o(~ - z) + P1: -
shock waves (see for instance Refs. 8, 9)
considering the process to be adiabatic and Further details are available in Refs. 8 and 9
disregarding the variation of the Internal (tho cost considered herein is, to repat.
energy as a result of the impact (so-called, (ditbeti aend with constant internal energy).
weak shock waves). This simplified theory is
to a certain degree justified by rather small After simple algebraicmanipulations,
impact speeds of the coolant slug, although the rewrite (4) and (5) in a slightly different way

jump in pressure intensity may cause variations o( 6 ,, * P- + P+ 0 (6)
in internal energy and temperature worth o 2 1
considering at some later stage.
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and b) Tvo Compaction Fronts

c .( 7 At some point of the previous phase, the
2- uu. u2 ) pressure on the interface between the head

Pr P o plate and the crushable layer may exceed the
crush strength Pc of the crushable layer. At

Since the motion starts from root (i.e., t"At instant a new compaction front will be
I = u2 u2 3 0 At t - 0) integration of (7) generatnd and will start propagating in the

leads to 4,iection of the lover (driver) plate. As in

Oc Fig. 2c, we denote the velocities of three

z - U - (u1 - u2) (8) iones by 41 (compacted zone on the load side).
2 c 0o 1 2 13 (uncompacted zone in the middle) and u2

(compacted zone on the spring side). Corres-

It is Interesting to note that in (10], pondinp displacements are ul, u3 and u 2 .
where a similar, although less general, problem Veloci ies of two compaction fronts are z1

is solved (with a single front and without the (generated from the load side) and i2 (gener-

spring, i.e., with forces known at both ends), ated Lrom the spring side).

equation (8) is derived as some kind of a
constitutive equation establishing the relation As for the previous case we write equa-

for the compacted strain in terms of tto tions of the mass and momentum conservation

densities. (4.5) across both discontinuity fronts. After
some algebraic manipulations, for the first

Finally we write two dynamic (equilibriomi compaction front they read

equations. For the already compacted zone
(behind the compaction front) from the free- 0o(u 3 -Z 1 )(u 3 "Ul) "P.. ÷ + O (P0 )

body diagram 
it follows

[a 1 + 0c(x - U1)]U 1 - p(t) - P. .( 9 ) x1 - u3 - . (u1 .- u3) (16)
3 C0 o

where the second term in brackets is the- mass
of the already compacted zone. For the uncom- Across the second compaction front, one has

pacted front in the tme way it followN 6 " 2 )(6 2  " u3) - 'c + - " 0 (17)

0 0 (L - + u2)U2 a p+ - q (10)
P

where q is the react~ion from the spri.g. u 3 - 2 a D (u 3 "u 2 ) (18)

Finally, we write the equatlot. if the
motion for tha spring In addition, we writs three dynamic

(equilibrium) equations. For the compacted

m2 U2 + ku2.0 q s(11) one on the load side

Altogether we have fi;t. L.dependant Ia1 * o0L1 + l U1 )1U1 a p(t)-p (19)

equations (68,9,10,11) in fi-1 unknowns, UV For the uncompacted zone in the middle

u2, P. and q. Note tIAt P+- Pc. L...
the pressure just In fronc oi -the compitction
front is the kneun crusn.presa, ra being the o(L9 - 1j 2 ) 0 P- Pc (20)

property of the 7ateriW: usad. Eliminating s,
p. and 4 it follows, and finilly for the compacted g'ne on the

( uspring side
i + ue a(u I- u7(1

p(C) PC 0 2" 1P1)a 
(12)

The lost equation of motion is written for the

(M;1 c - ea(u I's 2 ) ÷JU ku 3 - p. (13) mass-spring system

where sc€ * POL Is the wase of the crushable 2 2 ÷ ku2 * (22)

lays- and o  'o - OoC!(c . 0o). The length Ll Is the longth of the tncompacted

'f th, structuid was ir.•iLally it rest the material at the Initiation of this phase (or

asroclated inittlsl conditions are termination of the previous phase), Vhile LOI
is the length already compacted u:ring the

u (0) (0 u(0 . *u(0) a0 (14) previous phase.

7inally, we hcva a system of eight Inde-
pendent equations (13-22) In eight unkeowan.
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Ul, u 2 t U3 , zf, Z26 P-P P. and q. We again If one of the inequalities is violated,, the
ealminate all of the unknowns except the first corresponding front stops propagating. It is
three, such that also possible for two fronts to collide in

which case the entire layer is crushed and the
[a + + L e(uI- ul) ]M subsequent motion is that of a lumped mass

attached to a spring.

- p(t) - Pc-Pc(a1" a3)2 (2 3 ) c) Single Front from the Sprint Side

S+ 0 (u3  uMa + ku2  enFinally we eamine the remaining case

2 + 3 2]2 + 2 when the front from the load side stops props-

gating (inequality (30) violated) while the
= PC + C(a3 " a 2) (24) front from the spring side still keeps prog-

ressing. Without further elaboration we just

0o (25) write down the final equations of motion

(a" - 0 (u 1 - u 2)J10 - p(t) - PC (32)
Associated initial.values Are determined

from terminal values of the preceding phase [m2 + Pe(u . u2)]U2 + ku2

. * • (t*) ( 2)3
u(t) Uu p +# u(u-u u (33)

2 u2  u 2 (t) u2  (26) where mosses ma and a" include masses of
already compacted zonIs adjacent to lower and

Ul(t*) - t2 u 3(t) upper plate, respectively.

(with asterisk denoting terminal value of the is The requirement for the front propagtion
preceding phase). From (25) and (26) it
follows that >

u3-a u 2 + u2l (27)
4. SOLUTION OF'OYEMING KQUATIONS

where Y a t - t is measured from the beginning in each of three cases analysed in the
of the two fronts phase. Hence, one finally preceding section. the motion of the system is
has from (23,24) and (27) two equations governed by two coupled nonlinear differential
governing the motion in this phase equations of second order with given initial

A valuss, In nuclear reactor applications the
to; + "0 nonlInear terms turn out to be small compared

[ e( u 2 •)] 1  . with others. This is especially true for the

. .• 2 nonlinear tem on the left-hand side being the
p(t)P " u 2  (29) mass of the compacted crushable layer which it

"in most cases negligible when compared with the
, mass of two plates. This, of course, meana

2. 2 22. that equations may be convenienjly solved using
- 2the perturbation method (11,121]. In linear

pC + o(u. - 2)2 (29) approximation for the first phas. considered it
follows foss Eqs. 12 and 13 that

where
at at + ocLI V:.u .1

u'' *.' .. Pt

m2' a 2 + 'u2 z 2 u p

u2  2
The requirement for the propagation of the

(ront generatod on the load aids t.o where 2 a k/m0. The solution of the first.

(30)"equation ob lously depends on the load-time
a, uI 3 (30) history, while in first. approximation u2(t) Is

Oiven by
For the spring side front the propagation
roquirement is .Wte note that the design with a very thin

I driver pl4te n1 * 0 leads to a singular prob-
U3 'U 2  (31) lom warrantinl the use of so-called singular

perturbation methods (see for esample*sf. 13).
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u (1 - coo Wt) (36)

From where the pressure on the upper plate is LOAD CASES p(t)

finally computed to be

q nax a ku2* • 
2pc (37) '

In other words the maximum pressure on the head 0OOE SHC
plate depends mainly on the crush pressure pc
of the crushabJe material. Moreover, having an
approximate analytic expression for the
pressure-time history for the upper plate it
becomes much easier to incorporate its dynamic 1.4 "INC
plastic hebavlor (instead of purely elastic as
considered herein). Osi

Apart from first approximations listed
above it becomes questionable whether one 11900 TWO SHOCKS
should continue with a perturbation technique
in quest of a more accurate analytical solution ( 5.- ),I0O
or simply resort to numerical integration using WS
standard computer routines. Siuce the sub-
routines for the solution of a set of nonlinear
differential equations (initial value problem)
are today In ample supply, the only prograing 14 60
one has to do is to write a simple driver
routine enabling transitions between various
phases of crushing. It is apparent that in Fit. 3. Two cases of loading const•aret
this case the nonlinear terms needinot be small
when compared with linear. It is also well The results of computations are presented.
kaown that the initial 4lu* problems are In Figs. 4, 5 and 6 . Tho displacement of the
especially suitable fot computer applications. lower (driver) plat* ul(t) It shown in fig. 4.
The computing time in most cases totals a ftw :or load coasieting of opiy one pule. (and
seconds. a2 - Z51). the entire layer does not crush,

Ut1 ch ameans that its sheorbtng car4ctty Is not

S. MUIERICAL £•MPMLES fully uttlited. For the case of two loads, one

As a numerical example we n•alyse a few
different doeigns of a sandwich head plate two Was ' s
subjected to two different loadings (corse- 4 -.
spendlng to two coolant level*). The calcula-
tions leadint to the• dtergination of the
proesure-time history were of the -imple
"oodium" hanmer type, but were later verifled
by results o. tid through application of a
big finIte-dIfferece computer code (OUCO). /
The two loAdiv* cases, one cooseiting of only
one end another of two shocks, ere diagrammed 5

to pit. 3.

'The total weight of the sanvich plate
(and attached accessories) I1 estimated at
09 10 tbs. II order to estimate the
influence of the mess distribution, tue desigAn
are considereda for the first, the a&*s of
the head plate van trice as big a. that of the A 4 4 W.... N a

drivor platev m2 4 zal. while for the second,
tO esses were taken as equal *2 a min. Also,
two different 1-? 7IP stainless steal honey- FIg. 4. Oisplacement of the lower (dri•vt)
conbs are conotdsted for the crushable layer. p14tv vs. time
For tOe first one VC * 300 paI and Co * 2,46 l w
Ib/ft1, for the second I a 1150 psi oed ýr * It to nwteworthy tMot the results comPuted
7.74 lbtWO. The layer ws* assumed to be from the first approsimetitome fowias (36.37)
L * 1-.I inches thick vith an effective creos- ware not mare than a few percent of (. This is
sectional area of 200 Wt}. In both cas•s, the quite vicible from 1tw4ttm In Figs .4, . 6.
c¢omacted density 0c 33 oo,. I.e.1: M(t) Is almost linear and q(t) almost

sinusoidal.
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notices the kiua in u(t) assouiated v.th the dicted by P.pproximato formulas from the
second pulse. it is important to note that the linearized analysis). Moreover, the intensity
increase of the ease *I (4river plate) in- of the slug pressure p(t) has also almost no
creases the duration of the crushing process effect on the pressure of the head (upper)
which say be of vi.tal significanc.e in case of plate. In Fig. 6 open tircles denote transi-
multiple shocks. tions from one phi~e to another while crossed

solid dots denote the instant at which the
Preosure on the heed plate (i.e., die- entire layer is crushed.

placement u2) is plotted vs. time in Figs. S
and 6. As Fig. 6 shows, the distribution of Yhe effect of the choice of Pc (or Oc) on
masses effects only the period of the pressure tIe pressure of the upper (head) plate Is
pulse but not the maximutm intensity (as pro- denonstrated by Fig. 5. Moreover, in the case

600
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of the high strength honeycomb only a few .5. Copp&, A. P., "New Ways to Soften Shock."
inches were crushed so that the otherwise Machine Design, Vol. 40, March 1968,
significant energy absorption potential was pp. 130-140.
not utilized in the best way.

6. Maidanik, G., "Energy Dissipation

6. SOUDAIY AND CONCLUSIOMS Associated with Gas-Pusping in Structural
Joints." J. of the Acoustical Soc. of

Presented is an approximate, one-diaen- America. Vol. 40, 1966, pp. 106-1072.

sional model for the dynamic analysis of a 7. Otis, D. I., "Thermal Damping in Gas-
sandwich head plate of a Iressure vessel. The filled Composite Materials During Impact
equations of motion, deo..ved for the model, Loading," Jp. of App.Ie Mach., Vol. 37,
lend themselves well to computation and a
series of interesting conclusions are arrived 1970, PP. .3-43.

a The pressure on the load-bearing upper 8. Cristescu, N., "Dynmic Plasticity."

head plate depends primarily on the North-Holland Publ. Co., Asterdam, 1967.

cr~wh srrenth of •he crushable layer. 9. von Mlass. R., "Mathematical Theory of

The distribution of mass betweec lower C mpreox tle d F'low," Academic Press.
and upper plate affects only the Inc., Neo York. 19S•.
crushfng period. Increase In maxs of
the loqiet (driver) plate, lengthens the to. Salmono. N. A., Constant',o. C. J..
crushing period which na be important "Analystj of the kesponne uf Containment
if repeated pressure pulses are Veesels," Task I in "Studies of Reactor
*xpected. Containaent Struetures" Summary • eport hy
Although the high strength crushable well, X. A. et al., iUrtl-W7aP22-9.
material posse6e3s hi.h specific ener.y )1. Mitrofol'okii, Yu. A., "Probloms of ttte
.ahorptlon capbabiltry, tt e.y be "
utillaed enly Partially. alnte. t. Vsili- ti. Tere of tet u tr
transmit loas& of hlgh intensity to the brtioq.," .I rael Pro•r.m for Sc.

tupper (head) plate vitz.dt stgrlffranstil.. rUS41t 1 9S.

crushing.. 12 Gra IfR. *tin*n UZr*gaenzuft Sur

In €tmcli's nn. 11 preatnted analysls Hvthoa_ "on Kryhl* and 1•'HNAv 1M1

appears to. bo #ioole vmnwh to soi~bla some kind Vol. $0. 16. .4. 1910, pp. sol-sol.
of ;W uptiaIl 0%14#n In 'he **fly *t4sol of
4n•.lyoio, th stb*qwnt• rVflnmelnt of th .I. l., .t. 0..- 7 ertu-b•r!o Mthois in
alIYOO Vill undoethtqidly introd'a togut- l ied nat!dMT'dl7 ce..

nail ffiflcuitie' proventtod raom ove.cih At

refinld s*,det app*4ts to t; We@tsary to DV-
(it MW endetport r0*0tii obtlaind from theMr(BUTIpbp momot)

Mirate Wit odee).# &Wwde)
Now dd ,e de.m m wOh O lb. e id fIt
.u1in youcr€•mbsb llt formed t
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ON TEE DAMPINC (F TRANSVERSE MOTTON OF

FREE-FREE BEAMS IN DENSE, STAGNANT FLUIDS

William K. Blake
Naval Ship Research and Development Center

Bethesda, Maryland

The damping of free-free beams vibrating in dense, still fluids has been
studied experimentally. The decay of transverse vibration following an impulsive
load on the beams was dominated by viscous damping at low frequencies and by
radiation damping at high frequencies.

Viscous dissipation was examined in mixtures of glycerine and water using
a series of beams with different geometries , thus the independent effects of
varying fluid viscosity, v, beam thickness, h. and frequency of vibration, t,
were established. Damping was determined by measuring 60 dB decay times at

resonant frequencies following an impact. Loss factors, 1, based on the dry
beam mass were found to depend as I - 4.4pl)/0 h at low frequencies; po and p
are the densities of the fluid and beam respectlvely. The loss factors are
independent of the length and width of the bears and of the sharpness of the
beam edges.

In a parallel series of experiments, acoustic radiated power was measured
in a water-filled reverberant chamber. Both the densities and the geometries
of the beams were varied in order to establish the effects of dense fluid loading.
Results are reported as ratios of radiated power to mean-square beam velocity
and these ratios are compared with theoretical estimates. The radiation, modeled
as a finite line of dipoles, is seen to be determined by the motion of the beam

near the tipe.
The results raise considerable question concerning the validity of measuring

the damping characteristics of material samples in water. It appears that the
shapes of material samples on which damping measurements are to be made must be
designed to minimize spurious fluid-damping effects, otherwise the results may
be more particular to the experiment configuration than to the material itself.

INTRODUCTION low frequency specific damping energy of
materials to local applied stress level.

Dissipative losses in vibrating structures Acoustic radiation is the third major energy-
Immersed in a stagnant fluid can be internal, loss mechanism for air-borne structures; it is
occurring in the material fibers and joints of most important at high frequencies wheii the
the structure; viscous, caused by dissipation in acoustic wavelength becomes less than or equal
the flow of surrounding fluid around the to a structural wavelength. A fairly extensive
structure; and acoustic, caused by sound radi- investigation of the damping of supported beams
ation away from the structure. In air-borne in different gases has been done by Kneser [2].

tiauctures damping is often dominated by Ilia investigation determined the relative
frictional losses at joints and supports. importances of support, material, viscous, and
Coulomb and viscous friction at built-in radiation damping. Lyon and Maidanik [3], both
sitpports can depend on the structure vibration analytically and experimentally, determined the
mode and on the support geometry. Internal air-borne acoustic radiation from a beam set in
dissipation within the structure material can a rigid baffle.
provide the second most important source of
damping in air-borne structures. This type of In the case of water-borne structures,
damping, which has been given considerable damping is caused by all of the losses discussed
empirical investigation (see e.g., |azan [I1), above, but the relative magnitudes of the
can depend on the strens levels within the constituent dissipations are. perhaps, somewhat
qtr,,ctIsre. Iozn has empirically related the altered. Viscous dissipation In the Iufroinding

SReferenres are on page 15.
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fluid, which is apparently unimportant in air, The Instantaneous power into the beau is
could be an important damper in water. *in - Favn*, where 0 is the input force and vo

Internal mechanical dissipation is probably is the velocity of the beam at the drive point.
only slightly affected, but acoustic radiation The asterisk denotes complex conjugate. The
could be increased by orders of magnitude when kinetic energy for a beom in transverse vib-
a vibrating structure is immersed in water, ration, neglecting rotatory inertia, is

(Rayleigh [53)
In this paper the energy balance of a

vibrating beam immersed within a heavy fluid
will first be examined. Although there is *f.A(~.~1 Icertainly nothing new in this energy balarce T A
presentation, it does serve as a useful review - )
of 6suie interesting fundamentals and it enables
us to view the current experimental results
in their proper perspective@. The results of where P is the volume density of the beam
an experimental examination of the vibration material, A is the local cross-section area of
of unbaffled free-free beams in diffetent fluids the beam, C is the transverse beam displacement,
are then discussed to define the dominant paths and x is the coordinate measured along the beam

of dissipation of vibration energy. Measured axis. The bending potential energy of the beam

total loss factors are compared to radiation is

loss factors measured recently and reported
elsewhere E4]. The beam, fluid, and fluid
basin are considered as a single system and the
decay of the vibration level of an impulsively th, I " , ; (2)
loaded beam is discussed as a measure of the a EA (.•. ! 1 (
energy dissipation in that system. The Us'
investi ation is similar in extent to that of I.

Kneser 2 which was done in different gases.

ENERGY BALANCE FOR AN ENCLOSED FWID - where x is the radius of gyration of the beam

BEAM SYSTEM section and E is Young's modulus for the beam
material.

We consider" the fluid-beam system

constrained by an enclosure of arbitrary The mechanical dissipation in the beam is,
geometry and construction. If the immersing for low stress levels and for our purposes,

fluid Is unbounded, the only fluid energy conveniently represented as

carried away from the Immediate vicinity of
the beam by a non-dissipative process, is
acoustic. If the fluid is bounded by a

containing structure, as it is in some of the'
experiments described in the tollowing sections,

Figure I Is a simplified power-flow diagram of J="
the fluid-beam-tank system driven by an outsideL
power source. (The structure has been special-

ized, but our arguments can apply to any
Immersed structure). In a typical experiment
the applied force and resultant acceleration which neglects the shear strain contribution to

(magnitudes and phases) measured somewhere on the dissipation. The dynamic modulus, which in
beam (frequently both at the drive-point) are general is complex, can be detemined from the
the only rate variables measured for the entire cyclic extensional deformation of material
system. The extent to which a single sub-system samples. Our discussions'are primarily
rate variable can be used to describe the concerned with fluid damping mechanisms so it
instantaneous energy content within the total will suffice to make the fairly common
system will be shown. assumption that Fg " Im E where 9 is Young's

modulus and % is the (so-called) mechanlcal
Steady-state power balances are written loss factor.

below for the beam and for the fluid In terms

of the rate variables that are shown in Figure 1. The power into the supports carries energy
away from the beam and is thus considered

ENERGY BAIANCE FOR THE BEAM dissipative. It can be written

Power.4~ ino Rate of Increase of +lInternall ++

Kinetic Energy and Dissipation
[Potential Energy to Heat Spot li
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where co is the fluid density and u is the local
fluid velocity; integration is over the whole
fluid volume. The viscous dissipation rate is

(seat for example, bird, Stewart, and Lightfoot

where v. is the velocity of the bean at the - "I :.;Ld (7)

support and Fs is the force exerted by the 9I
beam on the support. Y

r3.ICI LOW where summation over both indices i.) is under-
.uAiML ou• uo fts,,,w stood. The local viscous shear stress in the

1,- fluid is proportional to viscosity; it is

"ft" ]

F. V. 
tm

Power transferred to tank walls gives a
L'O TO S dissipation rate

C,
Figure I Power Flow Diagwarai for a Slituclutc insa Dense. Viscous Fluid or u- G(8)

ENERGY BAIANCE FOR THE. FLUID

Rate of Increase Rate of Viscous Power Trans- Rate of Incres

Power Trans- -of Fluid Kinetic 4.Raeo+ redt +n:

ferred to Fluids EDissipation Tank Wei 1 of InternaLI rgy

The power transferral into the fluid. WF, I where ptand u are the pressure and normal

accomplished by the fluid stresses. TiJ, on the velocity of the fluid at the walls; integration

surface of the beam which are out of plhase with is over the entire surface area of the tank.

the beam st;rface velocity, vj. Thus we hIvw In a free-field experiment, one In which the
fluid is virtually unbounded, Equation (8)
represents the power transferred through a

~fc cloaed control volume of surface E. The rate
f d of change of fluid Internal energy Is

whe re S is the surface area of the beam and •ti E V. i /v

includes both viscous.T], and normal, p,

which is the reversible energy stored in, dilatational waves associated with the acoustic

fleli gnertio witin~ompessblefluids.
Now, the condensation, a. is defined by .

0 - 00(l + 8) where p to the fluctuating fluidThe kinetic energy of the fluid to density and 0o to the meantrundisturbed fluid
density. The continuity equation for thefflafd tu

N" at
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vhich, using. th- definition of condwensation, proportional to van. The cases of fluid dis.i-
and neglecting the fluid convection, u .vp, pation and acoustic radiation will be considered
gives i a 7-u. Employing the acoustic' approxi- separately. Loss.es to the supports and to the
mation for adiabatic acoustic waves [83, 't- have container walls ca1 be legitimately argued as

depending quadratically on beam velocity. Thus

,~ a?.t(f-1~S4within the limitations of the assumptions""S described in the preceding sections we see that
vr can be used as a descriptDr of the total
energy state of the beaci-fluid system. We note

where the derivative is taken at constant entropy, that if temporal behavior of the decay of vo
We obtaiU the internal energy iif terms of a following an impact is not perfectly exponential,

one or more of the dissipation rates described
above must be somehow dependent on the trans-
verse beam velocity an d the relative magnitudes(S)5dV(9) of the terms in the energy balance, as we haveE J.o,•etlined them, cannot be preserved during vib-

V ration decay.

The total loss factor, IT is defined

ENERGY BAIANCE FOR THE COMBINED FLUID - (Crandall [81) as the ratio of the energy lost

BEAM SYSTEM per radian to the peak potential energy stored
in the cycle, C- i.e. at constant frequency w

Combination of Equations (1) through (9)
gives

where DT is the total dissipation rate for the

beam. Us'nt the energy balance, Equation (10),
anticipating that << 1, and using the fact
anth at resonance tae peak kinetic and potential

y (10) energies that occur in a cycle are equal we
can write

. -- I.,,ts,

"which is the complete energy balance for the where mo and MB are the entrained fluid mass and

beam-tluid system. We have re-expressed beam mass per unit length respectively. This

Equation (7) in terms of the fluid dissipation we can write as

function Iwhere *is [5]

(v*U)(12)

The kinetic and potential energy terms in
Equation (10) in genetdl display apparent
quadratic deperdence on velocity or amplitude, vo. using separate terms for the mechanical (m),

The total kinetic and potential energies in the support (s), viscous (v), and radiation (r) loss

"beam are thus proportional to v~o; the material factors respectively, Noce also that we have
dissipation in. te beam is also proportional to used -"m*B from Equation (3).
v10 to the extent that T6E is independent of
strain, If fluid gradients are linearly Crandall r8] has discussed the limitationo
dependent on v. we can expect the fluid velocity of a mathematical model of damping whiih charac-
u; to be similarly dependent. When this con- terizes the dissipation as due to the action of
diLtion is fulfilled fluid kinetic energy is a linear dashpot which produces a force in
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opposition to the local beam velocity so the uniform beams), HBL, and the entrained fluid
dissipation rate occurring in the dashpot is mass, u0 L; the numrator is the sum of the
quadratically dependent on velocity. This potential energy of the beau plus the total
requires the dissipation to occur principally internal energy oi the fluid. We see that the
as we have already idealized it, and further- low frequency effect of the fluid is to reduce
more it gives rise to a friction force which is the natural frquencies by a factor
directly proportional to and in opposite phase t•P-/(M3 + mo)3ý. At higher frequencies the
with the beam velocity. Thus sve write fluid internal energy increases because the

fluid motion involves dilatation as well as
local inertial entrainment. Just as at low
frequencies the structure and fluid kinetic
energies can be comparable resulting in a

(13) reduction of the resonant frequencies of the
structure, at high frequencies the acoustic
effects which are reated to the energy stored
in dilatation can further affect the beam iaotion.
For free-free beams in vacuum, or at low fre-
quencies in real fluids if m8 , 1 B, we have

where RT -Iqrm(me + MB) is a frequency-dependent the natural frequency
and velocity-independent, resistance to motion.
Thus if we assume cyclic motion of the beam,
integrate by parts, and use the free-free
boundary condition on the beam, we obtain from Z
Equation (10) +) , (2'# I) (16)

E A Ai 40a"t

(See Kinsler and Frey [73) where CR/_ and the
integer, n,refers t.o mode order. P

* Assuming for convenience, that the beam
--,W* C)t -- ;J * (-motion is expandable as a Fourier series of

characteristic functions, fm(x), the veltcity at
any point on the beam is found to be

which is the equation of motion for the point- C •.1) t) (17)
driven beam. Here, the linear dashpot model r "- b W/uFt•' (17
has been used to apply a distributed dissi- On + MO)* W -k
pating force per unit length idealized as
rTt along the beam.

In the case of negligible Jissipation where
relative to the peak beam potential energy in
a cycle of beam vibration, the natural fre- . ,
quencies of the fluid-beam system are given , (18)
from Equation (10) by

and'

U" (19)

4fA (h.) + not the same as the lnvacuo mode shiapes because

L the fluid couples the irvacuo modes as well asq
reduces the natural frequencies. The problem as
evidenced by the terms in Fquation (10) is to

where • and A are the instantaneous beam and couple the motiu, over a finite surface with the
local fluid displacements and % is the beam fluid poten' lal in a fluid volume. Furthermore,
displacement amplitude. There are as many to fully iccount fo0 the spatial distribution
natural frequencies as there are characteristic of flitid motion and dilitation would require
modes of vibration, (I/•o)m. "'he denominator of intri :ate coupling of fluid and structure, which
Equation (15) is the sum of the beam mass (for would neicessarily rouple incuo modes, To
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account for the -modal coupling would require (a)
abandonment of the linear dashpot model, (6 At,

considerable generalization of our uimplicationt
of the entrained masa and (c) maintenance of 0 e
the internal energy term in Equation (15).
Equation (17) gives the point iqmedance 7/'(io) I
which is controlled by the loss factor at and W L/
near resonance. Near resonance, tows.mm, if

N«< 1 the sumastion, Equation (17), is domi- (a) MW &*~eM. Simr4y S,*PPsu
nated by the n w m term and the vibration
-pattern is Y,(x). T~he total loss factor for
the mode at resonance is T~r a RT/w(m + MB).

ACOUSTIC RADIATION FROM VIBRATING BEAM4S e 0 0 4

Theoretical and experimental analyses of I\ / N:;
the acoustic radiation from vibrating beams L/ 98 L/
have already been given. Lyon and Maidanik [3)
have examined the radiation from baffled simply
supported beams in air. Baffled beams are those (b~tnb.ld beam. Ftet-Ffm S-ppwtld

for vhich there is no fluid motion across a
plane parallel to and coincident with the iw2- iestsofBaMo Sps
neutral surface of the beam. In this configu- ~ F~b2Swsisfla~d~se
ration there is no fluid motion between the top
and bottom surfaces of the beam. Unbaffled
beams are those for which this motion is
permitted. Blake £4) has provided a similar Maidanik has argued that for the case of the
analysis of radiation from unbaffled free-free beam wavelength, X'b' less than en acoustic
beams in water. In this section the beam wavelength, X4 and X. << L, the radir.'ion is
radiation will be considered on physical grounds, equivalent to contributions from decoupled

monopoles situated at the ends of the beam,
The baffled beam has been considered by x - + L/2. This is because adjacent rtgions

Maidanik £9) as a strip radiator modeled with a of alternate phase along the beam interfere
finite line of monopoles. The configuration is leaving remaining monopoles of length Xb/4
shown schematically in Figure 2a for an even at each end of the beam. In this circumstance
mode (node n -6). The strip is of width w the acoustic power radiated into the region
and length L; the volume velocity of a monopole z > 0 above the beams has been shown to be
element of length dx is

4Q~t~v c 7kA dv- (20) m V

where the subscript, M. denotes monopole power.

where knis (2n +4 I)TY for n ý! 0. We will for the unbaffled bean, shown schematically'
consider narrow Lbeams for which An >> w, Each for the even (n a 7) mode in Figure 2b, the
composite monopole source radiates a pressure radiation can be modeled as that due to an
at a distance R and angle # from the x axis, array of dipoles. As before the beam is

depicted.a strip radiator composed of 2L/Xb
half wavelengths of opposite phase. Each
composite dipole, which in turn is composed of

a . monopo lea in opposite phase and separated a
I distance 2e apart, radiates a far-field acoustic'

pressure (see Junger and Feit clobi

The total radiated pressure from the array of
these sources for distances R »> L is approxi-
mately (,0 fgSl(a O 0

k9A o (21) where e is measured in the plane normal to the
cos k d%-x axis, The elemental volume velocity is
J, given by Equation (20) but in this case %~ is

given by Equation (19). The adjacent dipoles
of length Xb/4 interfere as'do monopoles in the
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baffled beam leaving resultant dipoles situate( Thus the characteristic dipole length, e, appears
near a a + L/2. The tip motions of the baffled to be approximatel.y one-third the beam width.
and unbaffled beams, however, differ considerably. The ratio of radiated power to mean-square beam
In the former case displacement is zero at velecitv is the radiation resistance, Rr. This
z - 4 L/2 while in the latter the beam amplitude is for the baffled beam
is mximum there. This motion would be expected
to substantially reduce the net strength of the
tip dipole. At low wave numbers, however, it
can be argued that fluid motion around the tips
(denoted by curved arrows in Figure 2b) reduces tA ()
the influence of the tips. I. this motion were -- Z
not permitted, as for example by placing the
beam in a strip baffle, the dipole strengths
would be reducid. Thus, instead, the free-free
unbaffled beam behaves as a simply supported
strip segment of length L - Xb/4 set in a long
rigid strip. Since %b/ 4 It considerably less
than unity we can express the resultant acoustic and for the ,:nbaffled beam
pressure far from the beam, R >> L, as

W% $"k COOb,
s= v'- ... I/. (24)

(22)

'" ~R

Equation (23) has been experimentally
verified by Lyon and Maidanik [3] and Equation

The acoustic dipole power radiated to the upper (24) by Blake [4]. The latter investigation
half-space is was directed at determining fluid loading

effects on the radiation from point-driven
beams. Samples were driven at their centers;
the space-time averaged mean-square beam

I velocity was measured at beam resonance fre-
.0i do quencies. The radiated power was simultaneously

a obtained by measuring the acoustic pressure in
C the large reverberant tank within which the

beams were driven. Measurements were made in
air and in water. Figure 3 is an example of

Comparison of Equations (21) and (22) show that a measurement performed in air; Equation (24)
the dominant distinction between the baffled is shown with Lyon and Maidanik's relation for
and unbaffled strips is in the koe dependence. the baffled beam. Equation (24) which applies
For small values of koe we can determine the for low ko/kn is shown in Figure 4 with a
ratio of unbaffled (dipole line) to baffled similar comparison for aluminum and steel beams
(monopole line) power as in water. The measured radiation resistance in

water is lower on the aluminum beam. The steel
beam result agrees with Equation (24) down to

(r.e) mode 7; the Rr for mode 5 is lower than that
-Z given by Equation (24) because of the fluid

S. loading. These results and those for a 3-inch
width beam show that the measured radiation
resistance is reduced by a factor 4o co0 / cf hw

A more detailed analysis £4) gives the ratio from the theoretically determined radiatibo
of radiated powers as a function of beam width, resistance. The measured ratio of radiated
specifically power to mean-square velocity is reduced from

that given by Equation (24) because the fluid
* .coupling altered the assumed source distribution,

Equation (20). Since the low wave number
radiation is determined by tip motion, the. alteration in source distribution may have been
most dominant there,
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VISCOUS DISSIPATION AND BEAM VIBRATION where T is the period of vibration 2n

Thus we can write
The local dissipation rate per unit volume

of fluid, 11, can be expressed in terms of
fluid gradients, i.e., .ýj constant, independent of u

SU;

Xi(~ ~and the characteristic dissipation length, 1,
appears to depend largely on w"• and v . If
the beam dissipation is dominated by viscous
losses in the fluid then the instantaneousIf we assume that the length scale, I, is energy balance, Equation (11), leads to the

sufficient to define the fluid velocity gradient, simpl r es that the peak ti e

then we can consider simple result that the peak kinetic energy in
a cycle behaves as

which dimensionally describe* the dissipation Vo.
function. The total dissipationrate b. in
the fluid can be described as ' VD where

VD is a measure of the volume of fluid
within which dissipation rates are high. We
note here that I can be dependent on the
velocity. The total fluid kinetic energy is

where K is a constant. We have written
V D - 2wLA for the volume of high fluid dissi-

U. w pation. Iflo decays as e.-1t then we have

where V I is a measure of the volume of fluid
around the beam where u is perceptibly different

from zero. Now if the ratio of local kinetic
to local dissipated energy in the high dissi-
pation region near the beam is small (A where I is the loss factor of the beam, If
condition which cannot be extant everywhere in is based on the Icy mass of the beam, MB P ohw,
the fluid, especially far from the beam.) i.e., we have
if the local Reynolds number.

then flow around the beam is viscosity- so thAt
dominated and much of the work done on the
fluid is dissipated by viscosity near the beam.
Under these conditions the ratio of the rate
of total fluid kinetic energy loss to the total L." f*
dissipation rate can be assumed as f\ (25)

constant, inde-
Se" pendent of u which we will hereafter call n' for the viscous

loss factor. tLoss factors based on the dry
beam mass will be denoted by a prime. super-
script. The validity of this expression wan
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examined by a parametric study of vibrating separate beam modes in this manner is possible
beam decay rates that will be described in the when the bandwidth of the filter is larger
next section. Use of this definition of loss than that of the beam resonance. Measurements
factor facilitates comparison of results with- were generally repeatable to within 3VA,. The
out the complication of considering added mass. vibration levels were found to decay ex-
Direct comparisons of beam resistance are thus ponentially in air and in water.
possible using this definition.

Beaic specimens were selected to vary
width, thickness, 4ength, edge condition (sharp,

DESCRIPTION OF THE MEASUREMENTS AND APPARATUS round, etc.,), beam material density, and
material damping. Beams of steel and of alumi-

Measurements of natural frequencies and num had widths that ranged from I inch to 3
total loss factors were made on various beams inches, thickness from 3/16 inch to 1/2 inch,
in fluids. The small size and light weight of and lengths from 17 inches to 36 inches. A
the beams made accurate measurements of damping beam with high material damping wos constructed
difficult. Losses at the supports and dissi- with two 3 inch by 17 inches by 1/8 inch
pation at the contact point of the beam with thick steel plates sandwiched around a sheet of
the impedance head were difficult to minimize self adhering, cold-pipe insulation tape sold
and, after considerable experiment, the under the trade name "Prestite." This is a
assembly described below was used. The beam cork-tar composition that readily adhered to
was suspended from 25 pound' brass weights using the metal plates which were held together with
piano wire (0.01 inch diameter and 1 to 2 feet flat-head screws tightened until the overall
long) loosely looped through a small hole at thickness of the composite beam was 5/16 inch.
the edge of the beam at the center of the beam The beam hid a dry mass of 0.12 slug.
span. The brass weights were suspended from
the ceiling using bungee cord. The beam was Fluids, in addition to air, were glycerine-
mounted in this manner to minimize vibration water mixtures which provided kinematic
loss through its support; when the weights viscosities ranging nominally from I to 400
were removed, so that the piano wire was centistokes. Glycerine was selected because
connected directly to the bungee cord, the of its complete miscibility with water, its
beam damping increased perceptibly. high viscosity, and the comparability of its

: p0 and co with those of water.

Natural frequencies of the beam above 100

Hz were determined by point impedance measure- The accelerometer used in the impulse
nmnts. The impedance head was mounted to the measurement was waterproofed with "Digel" wax.
center of the beam using a set screw or The impedance head-shaker assembly was water-
"Eastman 910" adhesive. The force and acceler- proofed with "PRC" compound.
ation signals were both filtered and the nhaker
input was servo-regulated to maintain a fre-
quency-independent force. Natural frequencies EXPERI.INTAI, RESULTS
below 100 Ha were determined by tuning a 3 Hz
filter to give maximum output with an input ENTRAINED MASS
acceleration signal which was generated by
tapping on the beam. For this measurement a The entrained mass was determined from the
small accelerometer was mounted on the tip ratio of resonance frequencies of a mode deter-
of the beam and the shaker-impedance head mined in air and water. The relationship,
assembly was removed. Some natural frepejti"e-as
above 100 Ha were also obtained from iuipecL
response as well as from the point impedance di .)
measurement, The fundamental frequencies ..
measured in air were generally with a few Hs M&+n)
of those calculated using Equition (16).

Quality factor measurements at resonant
frequencies at determined from the bandwidths where subscripts I and 2 refer to the natural
of the resonant peaks gave higher damping than frequencies of a given mode in air and in
the impulse measurements probably because of water, was used. The added mass per unit
toases sustained at the impedance head mounting length of a long elliptical cylinder in steady
point. Measurements of decay times following motion has been given by Lamb [il as
impulse excitation of the beam instrumented
with a ringle accelerometer were the most
successful, This measuriment was pvrformed a
by monitoring the decay of 1/. to 1/10-octave ---
filtered tip acceleration signals on a bruel
and ItJaer graphic level recorder or on the where w is the width of the strip meaasured
Spencer-Kennedy Laboratory (SKL) decay rate
meter. In either case, 60 dK reverberation normal to the ('ow direction. If we

tims wre sedto obtain loss factors, The adopt this as the s ' 0 limit (or the beenmtimes were used oobinos atr.TeBlake C') has found
use of filters to obtain the decay rates of
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Figure 5 Entrained Mau& ofl VibratinS Beamn tin Water

review of the literature quotes some results
that give s (or stel I between 10"( and 10O"
which are comparable to the measurements in

SY • Fi7ure 6. Lotses 3t the supports and d4iia-
fork > potion associated vith motion oa the acceler-

ometer c¢ble are both opt to contribute to
damping in air. Support losses are poesibly due
to Coulomb friction at the, juncture of the piano
wire with the beam as well as to traveling waves

which is shown with expecmental results in sent up the support wires and induced in tho
Figure 5 for three of the beatm. The static instrutent cable whid.tv are unlikely, to depend
beam mae" h.s boIn saftly asasumd equal to the strongly on beam m•sas Important contribution
model mass since the ba ms are of uniform cross from these external vaLies would explain why
section. for high knw the added mass per unit the thick and thin 1.i'" width steel beams h4wv
length ti upow/k, which i a just 11/2 larger loss factors in the. approximate ratio 7.6 which
than the rhult obtained by Dlvies t12) for a I* also tho ratio of the beao massvs, This leads
finito plate in a baffle.

DAMPING OF VIBRATING BIAMS IN Al"

Los# factors measured in air are shown .
for the steel beams in Figure 6, width and
thickness are varied independently. The highest .
loss factors were mewsed on the lightest beam j A

(1.5" X 3116" I 36") and the lowest on the :i t..4e...vus
heaviest beam (i.5" X 112" X 36"). The figure . f Ss.,.Se., /

ticlodat the 3-inch boom radiation lau l factor " 0 1A*s.Aiml '/

derived fkro Reference 4. The lose, ticto- in I
"air are "ot dominated by acousttiv rodletton for e ." ,
f < 10 kits so that the measurements give, for , ...
consideration in Equation (12). only the.
structural and .rupi'ort losses. Kimball's ýIlV Fiure& lni.Fslw l rs, 1fs aninA#

.. . .



to the consideration that the Ratr does not beam width. Loss factors for the 0.5" X 0.188"
depend on which specimen is used to decermine X 36")beam are included; the results show
it, thus the above results provide strong clearly an increase in loss factor with a
evidence that the air-borne dissipation is not decrease in thickness. The 0.188" thick beam
dominated by internal losses, shows a fCk (Note the line 4 in Figure 7)

dependence which covers a larger frequency range
than shown by the other beams. Furthermore,

DAMPING OF BEAM VIBRATION IN GLYCERINE - the loss factors do not appear to depend on
WATER MIXTURES beam length. The slightly higher ' for the

0" X 0.36" X 17'1 bea-s than for the (.5" X .5"
The loss factors based on the dry beam X 36") beam can be accounted for by the thick-

mass, for various beams in water are shown by ness difference. Finally, mode order does
the open points in Figure 7. Measurements for not appear to be a dominant effect, i.e., there
the 0" X 0.36" X 17'Ieteel beam were made in appear to be no separate dependencies for even
the Naval a-hip Research and Development Center or odd-numbered modes.
(NSRDC) test pond, a large, effectively
unbounded, volume of water. The values of loss
factors for this beam fall between rather The dependence of the loss factor or
narrow limits. Near 10 kHz the total lose viscosity was determined by measuring the
factor is dominated !y acoustic radiation; the damping of the (3" X 0.36" X 17") beam in an
result for the radiation loss factor# tr*, has acquarium using glycerine-water mixtures.
been taken from Blake [C4. In the frequency U.S.P. -grade glycerine, v - 390 centistokes.
range of I to 10 kiz the loss factor Is nearly and B85 by weight glycerine-water ixtuire
constant at 0.0025. Two 3-inch beams, one v - 44 centistokee, were used in a 20 gallon
with rounded edges the other with knife edges acquarium. The viscosities were measured
hsd the same loss factor. In water, thus In- tising the rates of laminar flow discharge
water damping did not substantially depend on throsgh long tibes [6). A meosurement in water.
the beam edge condittion. Loss factors for a v - I rentistokes. showed that for frequencies
(1" X 0.36" X 17') beam were the same as those less than 100 Hi the loss factors measured in
for the 3" beam. thus showing independence of the acquarlum were comparable to those measured

RT 1%
0 0

'00 0 0 00 1 1 WATER d" SAMI
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in a free field. Above 100 Hz the loss factors and the water measurements to give (see
were only slightly higher than those in the Equation (12))
free field, and the higher lose factors indicated
some energy loss to the tank through inertial
coupling of the beam with the tank walls.

The results of measurements in glycerine W W
solutions show clearly an increase in loss
factor with viscosity. Furthermore, the fre-
quency range of near-dependency on f'l for the
3"-wide beam was extended to nearly 10 k~z and then
line I in Figure 7 is considered to be represent-
ative of that dependence in glycerine. Lines 2,
and 3, are calculated from line 1, assuming
that ~ they are in approximate (307 to 7, "
40%.) agreement with the measurements. In - 4. W

calculating line 4 we go one step further by
assuming 1 T va "1 and scale line 1 for the
condition of the beam (1.5" X 0.19" X 36") in
water. It is well to point out that since the
densities and speeds of sound are similar for if I•' is unaffected by the water. Reduction of
glycerine and water thefradadtfon Ida-sfactor the loss factors in Figure 7 by an amount equal
shown in Figure 7 is assumed to apply to all to I-a reduces the observed water loss factors
liquids, from 0.0025,tot O.002. If both Jr'w and 1. a are

We can summarize the results of the deleted from the loss factors near 7 kHz, we

previous paragraphs: the loss factors in obtain Jv - 0.001. However, there is little
assurance that the support losses are the

viscous liquids at low frequencies are nearly same in all media. It is more likely that

inversely proportional to the thickness of
the beam, to the square root of frequency, support losses are somewhat Increased ý'," .$

viscosity of the fluid, since those lossesand to the beam density; they appear to be yol aet owt rnvremtos

directly proportional to the square root of would have to do with transverse motions.

kinematic viscosity. Thus at low frequencies, DAMPING IN THE COMPOSITE BEAM IN AIR AND WATER
at least, we can write

Our discussions of beam damping are
completed by considering the measured loss
factors of the composite beam in air and in

- 4'./• Zwater. The results serve to illurtrate that
the contribution of fluid damping to the total
loss factor can be considerable even though the
test sample is mechanically damped. Figure 8
shows the results for the 3rd through 1lth
modes as measured by the quality factors of the

which is the result Equation (25). The results resonance bandwidths [7]. The air measurement
give k a 5. Finally, at low frequencies the shows a maximum loss factor of 0.0074 at 2.3 kHz,
condition of the beam edges does not appear to the loss factor decreases at higher and lower
be an important variable in determining the frequencies. The loss factors of 3-layer
overall loss factor. It is possible that local composite structures have been theoretically
viscous stresses near the beam edges especially derived by Ross, et.al. L14). Their relations foi
nt the tips could have contributed to the the maximum loss factor of the composite and
phenomenon of fluid loading shown in Figure 4. for the frequency of that maximum loss factor
Although these viscous stresses did not appear can be used to obtain the effective shear loss
to dominate the total damping they could have factor and Young's modulus of the Presatite.
altered the vibration patterns near the tips. The computations give the shear loss factor

0.1 and an effective Young's modulus 2.1 X Id'
The water loss factors In the frequency psi for the layer. These estimates in no way

range I kilt to 10 kliz could be, in part, account for the constraining effect of the
caused by support and cable motion induced by screws that hold the plates together, this
the beam. If the air measurements are effect would possibly be to increase the
interpreted to give effective modulus. The calculated loss factor

and storage modulus are also consistent
with the approximate frequency dependence

I• sketched in Figure 8.

The loss factors in water are -ihout 0.0019
or about 257. higher then those measured in air.
This difference is apparently due to the water
damping discussed in the last subsection
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•, where F is the steady flow drag and d 'is some
- .major proportion of the half-width of the body

I measured normal to the direction of motion.
For a long elliptic cylinder Lamb quotes the

o\•- . steady drag per unit length as

(AI
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FREOUEINCY IN H,
where c is a Reynolds number-dependent factor

Figure 8 Loss Factors forl the Composite Beam which, for our arguments, we can take as unity.
inAirandlnWater(7OF) Thus we can write the resistance per unit length

see Equations (13) and (14), as
assuming that the material damping was the same
in both measurements.

DISCUSSION V[ st 7 - +~ 0C~ (26)

We have examined the dissipation of free-
free beams in various fluids in order to
distinguish the relative Importatice of internal,
radiation, and viscous damping. For the simple
geometry investigated, low frequency dissi- for a vibrating strip. Batchelor's i151 result
pation was apparently dominated by support for a circular cylinder Is analogous. We have
losses in air, and by viscous dissipation in written dk c W If the frequency-dependent term
heavy fluids. Htigh frequency damping on the in a bracket tar-exceeds unity we have
other hand, was controlled by acoustic radiation.
The results are applicable for unbaffled .
structures whose dimensions are small relative ' 1cc 4 1
to an acoustic wavelength. In this case /O
acoustic radiation accounts for very little
damping so that the other, perhrps, less obvious
losses are dominant, which is Identical to Equation (25). Experi-

mental results give the low frequency value of
Although the mechanism of the viscous dissi- a as 2.2 s,,ggesting that 4& - w would have been

pation cannot yet he clearly defined, we can a better selection than w/2.
propose arguments that at least postulate its
connection with low Reynolds number flow around At frequencies above I MiEz, dissipation
the heam. Low Reynolds number viscous oascili' associated with fluid motion parallel to the
latory drag due to flow around bodies depends on surface of the beam could account for additional
the first power of the instantaneous speed, U, fluid damping. This dissipation would exist
of the body. Iimb l111 gives, for example, the because the fluid motion at the surface and in
drag force on a sphere oscillating in transverse the plane of the surface must vanish because of
motion with frequency as the "non-slip" condition on the beam. Thus at

structural node lines the motion near the wall
must increqse rapidly from zero; the resultant

. gradients could account for oubstantiAl dissi.
pation. Of course, this is in the realm of

where u is fluid viscosity and a is the sphere some speculation because support losses in the
radius. The quantity 6'miaU is the steady motion current experinientL have not been discounted
draV, of a sphere. Batchelor (153 gives a from importance.
similar result. We assume, heuristically, that
the oscillatory Stokes drag can be approximated We point out again that the experimentally-
by an eqtuation similar to the Above as determined curves of log-amplitude vs time dutring
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similar to their eventual applicaLion,the need
for in-water damping measurements is questioned. 12. Davies. H.C., "Acoustic Radiation from Fluid
It wauld be more advantageous to make careful Loaded Rectangular Plates," MIT Acoustics and
in-air measurements to at least establish the Vibration Laboratory, Rep. 71476-1 (Dec 1969)
material loss and thereafter estimate nnalytically
the fluid losses involved with the specific 13. Kimball, A.L., "Vibration Problems," J. Appl.
application in a structure. In general fluid- Mechanics, Vol. 8, page 135, (1941)
loading will be a nearly indeterminant vsriant,
but for low values of PoCo/po those effects 14. Ross, D., Ungar, E.E., Kerwin, E.M,, Jr.,
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DISCUSSION

Mr. Bigs (General Electric Co.): If you Mr. Mains (Washington Utdversity): The
used your viscous dampig approximation, and relationship you used where you had an M of one
at higher frequencies if you assume turbulent kind plus an M of another kind divided by one of
flow around the beam and use turbulent fluid the first M's looks very much like the virtual
flow damping, how does that compare with the mass way of doing things as In ship design work.
dissipation factors that you obtained from the Is this correct?
acoustical observations, or did you do that?

Mr. Blake: Yes. It was the sum ofthebeam
Mr. Blake: The peak Reynolds number, mass and added mass divided by the beam mass.

which was determined after the first impact,
was less than 10 and this was based on the width Mr. Mains: I always get a little bit fried at
of the beam. Tha flow was not turbulent, and it Mr. ad ns business it a soteabit d It
is pertinent that these are edge effects. Beams this added mass business. It is so easy to do It
with rounded edges and beams with knife edges as a velocity dependent force. Why do you not do
gave the same loss factors. So it has to do with it that way instead of fiddling around with added
pressure difference associated with the entrained mass?
inertia between the upper and lower surfaces of
the beam and the flow around it. Mr. Blake: Do it as an added velocity

Mr. Baker (Southwest Research Institute): dependent force?

In the past we have done quite a few damping Mr. Mains: Yes. The force with which you
experiments on thin beams vibrating transversely are dealing, that is causing this change in be-
in air. The same effect that you call a viscous havior is one that is dependent on velocity. Why
effect for the beams vibrating in water is also do you not put it in the velocity term instead of
present. It could be that the air damping will in the acceleration term?
predominate for low frequencies for slender
cantilevers or free-free beams, vibrating in air.
I would suggest that you not only determine the Mr. Blake: The reason for accounting for
material damping out of water but out of air the added mass that way was because it depends
also. Secondly the Reynolds number by itself differently on the width of the beam than the
is not important. This non-zero viscosity and total resistance. I wanted to make a clear cut
the actual physical mecha.-dsm, although It Is comparison of resistances by the different
only affected slightly by the shape of the beam, mechanisms so I thought it better to base every-
is one of vortex shedding and i•t correlates well thing on the dry beam mass.
with some old work that Killigan and Carpenter
have done at NBS on moving waves past little Mr. Mains: A paper about 1963 by F.T.
barriers. Mavis, and a man named Crum, in either the

ASCE Structural or Engineering Mechanics
Mr. Blake: Actually there has been a study Journal compared the loss of frequency In air

of the arir dmping by Kanesser in Germany maybe and in water for beams, and I think some other
15 years ago. He stuck a beam in a bell jar and shapes too, with quite interesting losses in
evacuated it and then put carbon dioxide in and frequency resulting from submergence in water.
he performed the same kind of experiment. You might find it worth looking up.
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OP`TIJWM DAMPING DISTRIBUJTION FORt

STRUCTURAJL VIBRATION

Rt. Plunkett
University of Minnesota
Minneapolis, Minnesota

Structural damping using constrained viscoelastic layers, inserts
or material treatment is increasingly being used to control1 the
resonant vibration response of structural systems. Any of these
techniques impose At weight and cost penalty. tn this study we
investigate the optimam distribution and amount of damping
treatment for controlling the vibration response of a uniform
beam in bending with vart^,us end restraints. For reasonable para-.
otters it t. found that optimal distribution is highly peaked at
the cantor, Wut that a untIform distribution of the same weight
of damping treatment will increase the response by only a few
percent. It is also found that optimums damping for theor~etal
minimum response is practically unobtainable so that almost any
increase in tht amount of damping t reatment wkij reduce the
vibration level. The question then changes from. one of struvtural
Loptiimsation regard'.., of coitt to one ot cost-of fectivenoss.

I,'TODUCTION

Modern light oght, bigh re-spoinse is incrasevd. Fortunately,
strength, hig~h speed structures are .'r most Cool ipurazion# the rospoose
vory ouscepti hie to damalge by vibration. Le4el it oot vtry sensItive to
Dellberatw ly introdtucedi damping treat- rtatonablo-deviations from optimaitty;
ment is being used note and more to can- for oxamle a dwmpr of either twive

* crol resonnat vibration to rtdace noise, or *wilt optimal strehgth vill increase
tmpo e -ofrrcnrol fat.1gue the response by about 2Al !'1
aI lure. Now Chot it ht# been eat&b- It Is* pertinent to 00k It there is an

lit-hod that such trvAtmont is uwofut ootmliti.t ao ittue
for same p 4-1ves, It beovow* a proper liner damip lg and, t~t so what is
o ngineering taok to ask about thle c~t the sensitivity to doviaiong team.
&"d weight tradeoffs, The t.vchlt uvss an ootimal distribution.

for njitCho response of tw" a
bend~io for various coonfigurattigon ind It Is CaZrtail~v possitsle to
*cnd voolitionh luivo teen rvdUced to Intvestigate this qtestion for spetific.
practice 4"4 of* videly cittd In the coatixgurot Ion# and the. methods of
ttehnticial literatuIre, e.0t. this report can be u*vd (tot vuch a
Studio# hsvv. 4eeo mode to find optimal purpose. it mi4.41 be of sonettiat
configturat ion* f-'r the copse sections wi~der itereost to Attempt a *ý%T
o( damped beamts of unkform- ctoot #ftt10 general problem. to this rvport We
*%)L th t*Chniqus for finding th* hav#sought kbe optimal distribution
vibractio roesponso of cowplpvi stjoctxtv.s of bendingt damping suchi 4t that from
vith tmny dogripa of fraoduw an4 cc-pies. cofstrained vtstoeiastilý Iao-ft5 Jot
mode shapos are rssadilt Akv411abie tu- a vaiformt beam. The ef(fett of the
4Furri't tv~ts'. ve. tr.. mpdanco of th* end supports has

bee" ina,*t4#ated bui no attempt was
In previous stud~irs it hass made to determlav the of tet iof dii-

been shown Xht ttbs-* r opW Qtail ferent kth4a and lotatifts of vibratory
lociations and otrengths fur ro-'Wgntra- loadst. Previout work ladicstes # st
ted dampers In distrtbwtod systems except for patholftica* 0&"*'. tbo
I..1 if the strength of a tmrentra- opt iewm aftswei do*s not dle#46d **Vrii1X3
tqd damper if vither xr*4ter thin or on such parameters. 164-- snsw'r Po
less thauk optimal, tOw vIbratioa gets (or optimu dampl.'."' *wo. 44WA.e



on the criterion used; in one case the This means that a relatively small
value changed by a factor of 4 to 1 number of generalized coordinates give
depending on which of three reasonable an adequate description of the deflec-
criteria were chosen [73, however, if tion shape.
the middle value were chosen, the
response at the extremes was only For simplicity, we have con-
increased by 257. as expected. fined our study to linear damping;

since the active frequency range of
METHOOD interest is narrow, the frequency

dependence is relatively unimportant.
The method used in this study In this study we have chosen to use

:w.w- to -hoose a particular beam and structural damping in which the energy
supirt combination, and then conduct dissipation per cycle is proportional
a search in function space for that to the maximum strain energy regardless
dis!-ibution and.amount of bending of frequency. The use of viscous or
damping which would minimire the other frequency dependent damping
maximum response over the whole frequen- would have little influence on the
cy range. The search was made with a results.
digital computer using a technique
previously developed [51 which consists The problem studied is the
of changing the minimax problem to one configuration shown in figure 1. The
of unconstrained minimization. This is governing equation is [4]:
done by finding the maximum response as
a function of frequency for each trial
configiration and minimizing this
auxiliary function with respect to the Feimt
other parameters of the prublem. A
number of search techniques can be L/2 L/2
employed, the particular one used was
a second order gradient controlled
iteration. 0 + t¶(x))

The problem was also changed L
from a search in Hilbert space for the k(l+iqE) ve
configuration of a continuous system k(l+
to one in Euclidean space with a finite 1
number of dimensions bv expanding the
continuous functions in a set of
appropriate functions, using the coef-
ficients of the expansion as the control-
ling parameters and truncating the
series at a point where the answer
was essentially independent of the
number of terms. The rate of conver-
Sgence of this technique has not been

ormally investigated but there should
be no difficulty with it if sufficient Fig. 1 - Beam Configuration
care is taken in the choice of functions.

SYSTEM PARAMETERS 2 L (EI(l+in(x)) )Zv +
In this study we chose to x 6x (lA)

examine the specific problem of a uni-
form beam in bending, supported at thi p 2 a ~
ends by damped linear springs offering 7A7-7. )
no moment constraint, and excited at
the center by a concentrated transverse Making the harmonic substitution so that-
load with sinsusoidal time variation.
The response criterion was the trans-
verse displacement at the center. As iWt
mentioned before, the objective was to •(xt) q(x)e etc.
find :hat distribution and amount of
bending damping which minimizes the 2  2  2•iresponse ratio maximized with respect d2. El(l+,n(x)) d v - Apw v -q(x)
to frequency. In all of our studies qxx)

we have found that for any reasonable (1B)
distribution of damping the maximum
response ratio is at that frequency
corresponding to the first bending mode.
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This equation can be put into discrete This same expansion is not convenient
algebraic form by taking advantage of for the dissipation term so we let
its self-adjointness. To do this, wo
expand v in a set of functions complete
over thv interval 0 to L, letting: -n(x) - Z bi #i (x)

£
v(;- E aj 9p (x) (2)

J and define

We substitute this expansion into equa- L
tion IB, multiply by qk(x), integrate Dij f EI (x)9"(x)iný"(x)dx (6)
over 0 to L (inner product), and inter- 0ik (o
change summation and integration:

Letting

rL Mk'x) d2  EI(l+i "(x)) d dx L

J 0 0 dxZ Qk - fO qý(x) q(x)dx (7)

- L aj#2J0PA~kX)qj(xdx - (x)q(x)dx equation 3 becomes:

The fitst integral may be integrated aj[k(l+i'IE) (J (O)*k (0)+ffj (L)k(L))
twice by parts to give: -

L + Za Sk + MZa b D.. - LE2 E

ok, Eaj (E I (1+,n (xf~) ' )#1 10 r jk ia J b ijk - M M -k =

i (8)
f lL The trick is now to choose

qk 1a l• 0 the cj(x) and the *i(x) to form com-J Jplete sets, to minimize the coupling

L among the equations and to get the

+ C) dx fastest convergence. Since the system
J1 0 and the external excitation are both

symmetric, the optimal damping diatri-

L bution and the response will also be
-2 AA. synvwtric about the midpoint. With-Esaif pk4jdx these criteria, the functions used

0~ were:
L

01, (x) q (x) dx (3) o 1

The first summnation is the shear force ffj- sin (4'j-l)lrx i-i 00.

evaluated at the support points and the L
second is the bending moment at the
same points. Using the boundary = (9)
conditions, the bendini, moment is zero
(simple support) and the shear force is *j cos 2JTTx Jl.1

Fa4I(l+TI(X))q4")'! L
" H o 

Then

S+ k (l+i0E).aj~j (4) Soj = 0
•J - sjV - 0 j 0 k

Now let 2 4M 2

Mjk M 0 OAfjpdx L_ 1 7- 7-

L (5) (10)

•0 simply sepported beam in bending.)
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our case we found that 8 degrees of
freedom was ample for the symmetric
problem. The results may be constrained
by limiting the number of bi considered;

o0 if only bo is used, then the optimal
H - 0k (11) value for uniform damping is found. As
jk -J (11 ) many as six b's were included to define

H - F Mo the optimum distribution of damping.

2 2 Using the methods outlined
previously t53 the distribution of
damping required to minimize the maxi-

oJk - 0 j or k 0 o mum value of v(L/2) at any frequency
D 0was found for a range of stiffneses .

and damping in support springs.- The
M kdistribution of damping and the...relatve

vibration auplitude depend Oply on the
ratio of spring stiffness to beam stif.-

EIL (2jl)r nessi The dimensionless etiffness is -

( I- j - k descrioed in terms of that pair of
2 U L1 springs which would give the-- same -f.4-

-quncy as the simply supported beam"if

.i 0 (12) the beam were a- rigid maso.-

"Dijk - EIL(2j-1) 2 (2k-1)2rb ;i±(J-k)-0 k

4 LWA
All frequencies are referred to the

2 24 lowest simnly supported bending
- EIL(2j-'I)2(2k-1)2±'i+(j+k)-0 beam mode4 1-r,4Et 1

For a concentrated load, F, at the
center The relative amplitudes are-.given in

terms of:

k ) ('j)i+l F (1.3) Vo "o F/2ko

100.1

It should also be noted that

'o(0) "o()"1•co,

(14) "-- \ •o.o .

and gj (0) -j (L) 0 j>O

For optimization~purposes we let F-i

and take v(L/2) as the objective
function.

v(L/2) 2 r (-1)J+ a1 2 (15) f 0."

The optimization problem has . k/k"

now been reduced to minimizing the
objective function, equation (15),
with respect to the parameters bi and
.taximizing with respect to wZ where - - o
the components of the objective function
are determined by equation (8). A
sufficient number of the ai must be 0 I/L
taken that the result is e sentially Fig. 2 - Optimum Distributed and
unchanged by increasing the number. In Uniform Damping
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Figure 2 shows the optLma1 1000-
distribution of dampirg for very stiff
A /ko 100) and medium stiff

l/kos ) supports for two different dSlose tmngents (1 = 0 and 0.5). The 0°

optimal uniform apng is shown for

| k/ko - 100 ,"0.

-I 0 100- 0.3
101ri(x) ,c"t(x)

(see fig. 2)
. •-pt

~10~ -10

v-0

-10~ 1

- k/k. 100

-g.4 Optimum Uniform. Damp~ing vs.
'Support Stiffness

-- :"A .P;

•7- . -QUALITATVE..... 1, '0-

e- We are Interested in the
effects of the -various parameters on

10 the response nLwxinri2ed with respect
to f requency. The'significant para-

A meters foi- this problem are

-0 -- $- 1)Bam damping d.i-stLrtbution
0" -A' ' • . ''.2.-oun" of beam damping

F•g. 3 0 Vibration Response 4t OptimuM 3. Knd sopport. sif f nes-
and Off-Optimum, Damping . -.- 4En spt d amping vs.

"~~~~4. -End "t-" / .• " :-"-support damifnjess ti

copaisn. Fiur 3shws~The last two terms may be consideredfompare ys pon s -Fige wit shoe -tid as r epr eAenLativ- -of the impedance
frequenc "sn with ver stiff -- ". - of the end support w, thuthe spfanaet ss"undamped s uppor" s for non-optimal corresponding to the reactive pertton
dampidg. Figure 4 shows. optinal uni- and. the support -damping ratio c orres-form damping v•rsus supp rt 'St i ff s -s ponding to thelosstangent, There
with support damping as a parameter; " mete f erence i prbl ma bh
the amount of obtinally distributed daviorpetween a mass-like-termination
"damping varies n about the same way. and E-spring-like termination; the only

obviusp effect is to make thepfrequency
shift for maximum rerponse positive
instead of negative. Therefore only
ose ofothe-e, the spring-like support,
was studied.

If the relative impedance
- -. isdvery high, further increases make

l ttlo difference to a beam* with
reasonable amounts of damping:-the
"beam behaves like a simply supported
beam on a rigid support. Asn- result,
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for values of n(x) less than 1, there This simple relationship is
are resonances at each of the symmetric invalid for beam damping so large
beam bending frequencies whose ampli- that the vibration amplitude is con-
tudes are controlled by the beam trolled by the support damping. As
damping (Fig. 3, C - 10-5). For mentioned before, this i.s of little
values of q greater than l(ClO"-2) the practical interest except for very
beam bending resonances are almost flexible supports.
suppressed. From a practical stand-
point, values of 1 much larger than dAMPING DISTRIBUTION
1 are of little interest because
materials do not have such large The major purpose of this
damping factors; nonetheless it is study was to find if large gains could
interesting to note that the optimum be had by properly distributing the
damping is essentially that which damping. Because the surface in Para-
makes the beam impedance match the meter space is so flat near optimum
support impedance. damping, major changes in the distri-

bution make little differeace in the
For support impedances comp- response if the average value is

arable to the beam impedance, the about right. For flexible supports,
optimum 11 is still appreciably larger optimum distribution is almost uniform
than 1 so that any practical construc- (fig. 2). As either the stiffness
tion is suboptimal (fig. 4). As the or the damping of the support is
supporting impedance becomes very increased, the optimum damping distri-
small, the beam starts acting lik: a bution becomes highly peaked in the
free-free beam and optimization depends middle of the beam as might be expected.
on whether the very low frequency For a dimensionless spring constant of
behavior is of interest. Since in 1 and nE - 0.5, the optimum distribu-
most practical structures, low support tion of n(x) varies by a factor of
impedance is associated with internal 5 to 1 from center to ends; however,
resonances, this implies relatively the response only increases by 1% be-
high frequencies. As a result, tween optimally distributed damping
regardless of the answer for the and optimum uniform damping. Similar
simplified analysis of the case of results are had for other stiffness
constant support stiffness, a loss values. There is a weight penalty for
tangent for the beam as high as can using uniform damping; the total
be obtained will almost always be amount of optimum uniform damping is
desirable. 1.5 times that of optimally distributed

damping. However, if this latter
The qualitative behavior of were uniformly distributed so as to

this system is much like that of other give 0.67 times the optimum uniform
multi-degree of freedom systems (fig.4). damping, the response would only
For light damping, C<<, the beam increase by 8% more. One would expect
resonances and anti-resonances succeed similar results for any degree of end
themselves in an orderly fashion as fixity, linear or angular.
the frequency is increased. As the
beam damping is increased above 1, CONCLUSIONS
the beam bending modes are suppressed
and the maximum amplitude continues The maximum vibration response
to decrease in value and increase of uniform beams in bending is relative-
in frequency until an approximate im- ly insensitive to deviations from opti-
pedance match is obtained. The opti- mum damping distribution in the direc-
mum damping gives maximum response at tion of uniformity. Obviously the
a frequency between the lowest beam converse cannot hold; if bending
bending frequency and the frequency damping were concentrated at points
corresponding to the beam mass on the along the beam where the bending
support stiffness. Increasing the moment were zero, it would have no
damping still more makes the beam act net damping effect.
like a rigid mass whose response is
controlled by the support damping. This conclusion is subject
Damping either greater than or less to the limitations of the type of
than optimal increases the maximum system investigated. The one described
response according to C23: here is highly symmetrical: the two

. a, + end supports are the same, it is loaded
max at the center and the controlled re-

( 2 ii sponse is at the center. It would
(Max)op t undoubtably be possible to construct

a pathological case in which an
optimum distribution would reduce a
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response manyfold below that of a 5. McMunn, J.C. and Plunkett, R.,
uniform distribution. "Multi-Parameter Optimum in

Linear Dynamical Systems,"
In view of the largo varia- ASME, 69-VIBR-42, April, 1969.

tion of the impedance of structural
attachment points with frecquency, the 6. Snowden, J.C., "Vibration and
difficulty of constructinF a non- Shock in Damped Mechanical
uniform damping distribut.on and the Systems," John Wiley, New York,
relatively small return to be had 1968.
from it for any reasonable choice of
parameters, we are forced to conclude 7. Mixson, J.S. and Steiner, R.,
that a uniform distribution of damping "Optimization of a Simple
is best for uniform beams in bending Dynamic Model of a Railroad
regardless of end fixity. Except for Car," Stochastic Processes in
unusual configurations, the larger Dynamical Problems, J.L.
the damping factor the smaller the Bogdonoff and A. Piersol, Eds.,
maximum response; sLnce we can hardly ASME, 1969.
get values of n grefter than 1, optimal
amounts and distribution of damping
cannot be had for ordinary beams on
supports of reasonable stiffness.
This conclusion doeb not hold for
amplitude dependent damping devices
such as tuned absorbers; in their
case the desirable location is criti-
cally dependent on the tuning fre-
quency and overdamping "s all too
easy.
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DISCUSSION

Mr. Peralta (Bell Telephone Laboratories): Mr. Plunkett: You are absolutely correct
Did you Envestigate whether the addition of and in good academic tradition. I always open
damping In the supports would lead to a more an escape hatch behind the written paper because
practical distribution of optimum damping? I can always be misquoted during my presentation.

I am certain that a pathological case can be built
Mr. Plunkett: Yes we did investigate that, that will contradict these general conclusions.

especially the effects of added damping in the There might be an excitation that would excite
supports. I put values of i? of 10 and 100 etc. only the tenth mode of the beam and I am certain
into the supports and found that it did not make it Is an optimum distribution. There is one that
any difference at all. is considerably more unsymmetric than that.

You are absolutely correct.
Mr. Thomas (Naval Ship Research and

Development Center): Are you familiar with
Nelson's and Hoke's work reported in an tSME Mr. Leibowitz: I refute your statement
publication about a year ago that sort of contra- that this is the general case.
dicts your results both analytically and experi-
mentally?

Mr. Plunkett: No. Mr. Plunkett: I agree, this is not the gen-
eral case I Various studies indicate that most

Mr. Leibowitz (Naval Ship Research and things of interest are relatively symmetric.
Development Center): It appeare ta me that The general statement that you cannot find an
your optimum results apply to the modal pat- optimum distribution that will vary much from
terns that are forced by the excitation at the uniform of course is incorrect. For example
center of the beam, if however there were a for tuned absorbers we kmow that there are
special distribution of forces I do not see that optimum positions for damping out specific
that would be the optimum result, modes.
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A LAYERED VISCOELASTIC EPOXY

RIGID FOAM MATERIAL FOR VIBRATION C.ONTROL

C. V. Stahle and Dr. A. T. Tweedie
General Electric Company

Space Division

Valley Forge, Pa.

An approach to the control of vibration is presented which uses a
combination of a rigid polyurethane foam layer and a viscoelastic epoxy
high damping layer. The layered configur4tion offers the advantages of
both stiffness and high damping when applied to sheet metal panels. The
rigid foam layer ts used to offset the damping layer from the metal sur-
face to be controlled. The effect of the foam is to impose larger strains
on Lbe damping layer resulting in a much higher loss factor for the lay-
ered configuration than could be obtained using the damping material
directly on the metal surface. The viscoelastic epoxy (SMRD 100F50)
has a higher loss factor than some of the available viscoelastic mater-
isls. Additional advantages are that both the foam and the viscoelastic
material are castable, have low outgassing properties, and have a low
density compared to other available viscoelastic materials.

Experimental results are presented for cantilever beam element tests
us.d to determine the damping characteristics of selected space com-
patible materials and evaluate layered and laminated configurations.
The use of the layered material for a relay panel installation in the
NASA-Goddard Space Flight Center Earth Resources Technology Sat-
ellite Power Switching Module is described and vibration test results
are presented.

INTRODUCT IOU levels in the thrust axis of lOg in the frequency
range from 60 to 150 Hertz while the level was

The design of spacecraft electronic compon- reduced to Sg above 150 lierts, Consequently,

ents to withstand the launch vibration environmrent the design goal was to provide resonances

requires packaging m.thods which provide both above 150 Herts. The PSM is comprised of two
stiffness and damping. The required rigidity of major sections; a section containing printed
the design depends on the vibration environment circuit boards and a section containing two
of the component as reflected In the component relatively large relay panels, Figure 1. Al-
vibration specification. In general, packaging though adequate stiffness could readily be pro-
methods which provide dynamic magnificadons vided for the PC boards, the. relay panels
of less than 10 are considertd to have adequate weighed approximately 3 pounds each and were
damping, although omalier magnifications are designed using . 093 inch alumituni sheet sup-
sometimes required. ported to the basic box structure on three edges

and including an angle stiffener in the center of
Early vibration development tests of the NASA- the panel. The vibration response near the

Goddard Space Flight Center Eai th Resources center of the panel, Filure Z, showed that the

Technology Satellite (ERTS) Power Switching funtdatental resonant frecluency was adequate.
Module (PSM) indlcat-d that although the pack- 160 Herts, but that the dynamic magnification,
a ging design provide:1 adequate stiffness, addi- 40. was excessive. Studies were subsequeptlv

tion.. damnping was needed to assure the adequacy initiated to evaluate relay panel modifirktions
of the design. The component vib,-ation specifi- whicki would provide t-th the desired sti|fneps
cation subjected the PSM to sinusoidal vibration and damping to the design. Because the design
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is required to be space compatible, the materials range of hardnesses, The SMRD 100F ma-
used to provide damping were limited to those terial used for this program has a nominal
known to be space compatible and required ini- hardness of 50 using a Shore A durometer.
tial evaluations of their damping characteristics. It is therefore designated SMRD 100F50. The

nominal properties of the SMRD 101 and SMRD
The following sections of this paper de- 100FS0 are given in Table I.

scribe the space compatible materials selected
for evaluation, the method and results of the The SMRD 100 compounds used for this
damping tests of these materials, and the modifi- program were cast in Teflon coated aluminum
cation of the relay panel to provide both stiffness molds in thicknesses ranging from 1/8" to
and damping. A unique layered material config- 3/4' thick. The resulting sheets were either
uration resulted which appears to have applica- used as cast or, where dimensions were criti-
tion to many other design problems. cal, machined to size on a milling machine

using a fly cutter. The very soft SMRD 100F50
MATERIAL SELECTION has sticky surfaces when freshly machined so

that without special care and technique, the
The requirements for a vibration damping cuttings adhere to the surface. Use of a spray

material for use on a spacecraft include space of fluorocarbon solvent on the material lubri-
compatibility, and low weight, as well as high cates and cools the material making it stiff
hyster.a-s ýn the freque.icy range of interest, allowing normal machining. A hand wash
Space compatibility in the intended application bottle of fluorocarbon solvent has been found
(inside a - -• ionent) means low outgassing under satisfactory. Although the fluorocarbon sol-
vacuum. ,ne material was exposed to the space vent is not toxic, adequate ventilation should
environment directly, resistance to ultraviolet be provided to prevent excessive build up of

light and ionizing radiation would also be a factor, fumes.
In addition, of course, the material must meet
the usual requirements of having adequate mecha. - Sheets of SMRD 100 and'SMRD 100F50 can

anical and physical properties and be capable of be bonded to foam, aluminum, or other mater-
being satisfactorily processed, ials using epoxy adhesives, for example EPON

82*8 and TETA, Shell Chemical Co. V'or appli-
The materials selected for testing came cations where it is not convenient to use cured

originally from a list of materials already sheets of the compounds, they can be cast in

approved for use on the spacecraft. They all had place. They require a cure time of Z4 hours

been tested for outgassing rate and found to be at I 15 0 C.
satisfactory. A polyurethane conformal coating
and potting compound, Solithane 113-300, Thiokol CANTILEVER BEAM ELEMENT TESTS

Chemical Co. , was selected for test as a typical
space compatible urethane elastomer, although Cantilever beam element tests were used
it was felt that it was rather more elastic than to establish the stiffnesa and damping char'ac-
wanted. A polyurethane rigid foam that met the teristics of the various materials and to in-
outgassing requirements, Eccofoam FPUI, 1Z lb./ vestigate several material combinations. The
ft. 3, Emerson & Cummitigs was tested as a basic test arrangement followed that of Nashif
stiffening and spacer material. A flexible non- (1), but was modifi, d to enable a number of
plasticiz,.d epoxy resin developed at GE Space samples to be tested simultaneously. A series
Systems as a sterilizable conformal coating and of cantilever beam elements were mounted to
potting compound was chosen for test because it a shaker and excited using base excitation.
appeared to have good damping characteristics Figure 3. Using the basic relations for cxci-
to the touch. This material, designated SMRD tation of uniform cantilever beam modes
100, with some modifications, proved to have the through base excitation, the damping of the
necessary properties to solve the problem. SMRD test beam can readily be determined from the
100 is a clear amber viscoelastic material that dynamic magnification at the tip of the beam.
is used as a conformal coating and potting com- The relation for material loss factor and stiff-
pound where relief of strains induced by high tenip- ness can then be determined using the equations
erature cycling is wanted. It offers good adhesion presented by Nashif (1).
to most substrates like any epoxy and will with-
stand long time exposure to 1Z0 0C temperatures. The cantilever beam specimens that were
Two othir versions of SMRD 100 were also tested. evaluated are summarized in Table 2. Speci-
SMRD 101 is a clear slightly softer version and men No. I, a bare . 093" aluminum beam pro-
SMRI) 100F, which is filled with glass micro- vided a baseline configuration while Specimen
sph,.res (E.ccospheres, Emerson 1, Cummings) to Numbers 2. 3, 4 and 5 were used for evaluating

rf-duce weight. SMR 13 100F can be made in a wide, material characteristics of conlormal coating,
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TABLE I

Physical Properties of SMRD 101 and SMRD 100FS0

__oo__ SMRD 101 SMRD 100FSO

Specific Gravity 1.08 .72
@ 20 - 24 0 C

Hardness. Shore D145 ASO

Thermal Conductivity .08
BTUIHr. /Ft. 2 /oF/Ft. I

Volume Resistivity I x 1014

Ohm - cm. M1•.

Dielectric Constant 4. 0
@ I MHz. Max.

nompreosive Stress at .03 4S
IAO Compression. pal

.091 Aluminum Ream

"Material A

z 00
.II

NOTY: iteam isO S inrhq, widr

Fit I - Cantil.ever 11rati SpI-comen

i.~



TABLE Z

Cantilever Beam Test Specimen I0escriptions

Dimensional iata

NubrDescription (ichs Inhe A

Bate Alusninum Beam NA /A N.A NI

a Conformal Coating 7 0.Z5 NIA Solithant I1 I N/A
100

3 Polyurethane Foam 7 . 5 N/A Eccrofoarn N/A
FPH.1&

4 ViSCOOLIAtC EPOXY 6 .2 WSNA SMRD 101. N/A

S V -iscoelastic Epoxy 7 0.2!~ NJ A SWfPfl N/A

6 Viscoelistic EpoxY/Poly. 7 0.5 0.25 Polyttetthazt SNIP[)
k Fehae)oamn I.Aytro4 P ~M etco. 10O010

7 Videoetastic EpoxytPoly. O'0s 0, zS reyurohaR#o SMA )
ttrvthase (C~ Sidv ra) E-ain FPmf-)U kW0F5

-,rvthuwi Foamt LayirviJ roomh F141-11 10

Viorsa .estlc Epoxytt-oiy. .7 0. MMl it~yrtha S t)
mrwthaoto room Lay*.'4 4 WSI I~5

t0 Visroviastk Fpaxy L"minair5 0. lit INA .SM1U IQ) V/Ai(Two 091 At. bsrejto5



polyurethane foam, SMRD 101 and SMRD 100F50. cantilever mode of a beam, 6, the composite
Specimen Numbers 6 through 10 provided corn- loss factor can be obtained from the express-
parative data for layered configurations using ion
Polyurethane foam with SMRD 100F50 and SMRD 6 1TIPfi ,1

101 as well as a laminated configuration using .dm , 56
SMRD 101. f4 2 dm V •Q.I

The results of these element tests are sum- where the denominator accounts for the in-
marized in Table 3 for various accelerations of phase and q- adrature components of the re-
the base of the beam. From the results of the sponse. Then from Nashif (1), the relative
material evaluation, Specimen Numbers 2 to 5. bending stiffness and material loss factor are
it is evident that conformal coating and polyure- defined by:
thane foam have little damping although the Doly-
urethane foam is effective as a stiffening material. E 2' 2  1W• l 1
Although both SMRD 101 and SMRD 100F50 provide E W
a much higher damping, SMRD 100F50 is the bet- 1 [1 I
ter of the two damping materials. In order to ob-
tain both stiffness and damping, a layered con- + (E 1 1 1 \]
figuration using SMRD 100F50 and SMRD 101 in 2 +
combination with the polyurethane foam was sel- E k 1 2
ected, Specimen Numbers 6. 8 and 9. Compari-
son of the dynamic magnification factors for where EllI bending stiffness of the alum-
these layered specimens indicates that SMRD inum beam
100F50 is the most effective from the standpoint E I2 = bending stiffness of the damping
of damping while the stiffness is not appreciably material
affected. In order to arrive at a configuration Wn resonant frequency of the comp-
adaptable to the relay panel modification, the osite beam
layered Polyurethane Foam/SMRD 100F50 speci- Win resonant frequency of the
men was modified to a one-sided configurationn aluminum beam
Specimen No. 7. Although there was a loss in ?2 ? loss factor of the damping
stiffness, the damping was not appreciably material
affected. The laminated configuration using uI = density per unit length of the
SMRD 101 (Specimen No. 10) did not appear to aluminum beam
provide a significant increase in damping rcla- i density per unit length of the
tive to the other layered configuration (No. 4). composite beam
although it was much stiffer.

Using these expressions, the loss factors for
The apparent loss in damping of the SMRD 101 the materials were calculated as shown in

layered specimens with an increase in the thick- Table 4. An additional value for the SMRD
ness of the damping layer seems to indicate an 100F50 was determined using the same expres-
optimum thickness of damping material. Coup- sions but considering the foam-aluminum beam
arison of the dynamic -nagnification factors of as the baaic configuration. Because of the
Specimens No. 8 and 9. indicates that the dyna- probable frequency dependency of the damping
mic magnification was increased from approxi- characteristics, the frequency at which the loss
sately 7 to approximately 13 when the thickness factor was determined Is also noted. These re-
of the SMRD 101 was increased from 1/1 inch to suits indicate that SMRD I00F5Q is by far the
1/4 inch. Although this change could be due to best of the various materials from the stand-
frt.quency dependent damping effects, it seems point of damping.
more likely that the thicker SMRD 101 was suffi-
cient to overpower the foam material so that it The clamping properties of SMRD 100F50

was not strained to the same degree as the thin- are compared to LD400 (1) in Figure 4. It

ner material. On the other hand, the SMRD will be noted that only two damping values are

100F50 is soft compared to the SMRD 101 and available for SMRD 100F50 to draw the curve.

was effectively strained through the foam layer. However, the data indicate that the SMRD
100F50 has a loss factor of approximately twice

MATERIAL LOSS FACTORS as high as that of the LD-400 viscoelastic ma-
terial. On the other hand. the SMRD 100F50 is

The material loss factors were determined more flexible than the LD-400 material as

for the various materials tested to compare with inclica,.ed in Figure S. Both materials exhibit

other available damping materials. Using the an increase in stiffness and a reduction in
equation for base excitation of the fundamental damping with increasing frequency.
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TABLE. 3

Summary of Cantilever Beam Vibration Tests

Poly-
Input Bare Conformal urethane SMRD SMRD
Level Aluminum Coating Foam 101 100F50

fn fn fn in fn
(' s) Q (Hz) Q (Hz) Q jHa) Q (Hz) Q (Hz)

0.5 64 46 (100) 30.5 35 96 12 65 7.2 35

1.0 39 46 90 32 41 99 13 65 7.2 35

2.0 50 48 82 32 41 99 14 65 7.2 35

5.0 60 48 37 32 36 98 14 65 7.6 34.5

10.0 -- -- -- - -- -- 13 62 -- --

Foam/SMRD Foam SMRD Foam/SMRDT)
Input Foam/SMRD 100F50 101 101 SMRD 101
Level 100FS0 (one side) (1/4" thick) (1/8" thick) Laminate

ffn fn fn fn
G's) Q (Hz)) 0 (Hz) 0 (Hz) 0 (Hz

0.5 4.8 115 4.8 95 12 125 5.4 100 14.6 230

1.0 4.8 115 .. .. 14 125 6.6 100 ....

2.0 4.8 115 5 95 13 127 6.9 101 17 230

5.0 4.8 115 5.2 93 13 128 7.3 100 16 225

10.0 -- -- 5.4 90 13 124 7.4 98 16 2301

TABLE 4
Material Loss Factors

Material Loss Factor Frequency (FHz)

Conformal Coating .005 to 14 32
(Solithane 113-300)

Polyurethane Foa.rl .018 98
(Wccoioan FPJ!-12)

SMRD 100F50 .89 35
.58* 115

SMRD 101 . 15 65

-"Determined using the foam-aluminum beam as a reference.
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RELAY PANEL MODIFICATION Vibratifoo tests of the modified relay panel
installed in the PSM showed that the layired

The layered Foam/SMRD 100F50 combina- dampi.g treatment reduced the dynamic magni-
tion stiffening and dampening treatment was fication by a factor of approximately 6, Figure 6.
applied to the PSM relay pant Is. The center The response. in the center of the panel was re-
"stiffening angle was removed from the panel duced from a dynamic magnification of 40 to less
Eccofoam FPH, nominal density U. lbs/ft3 was than 7. Similar reductions were also obtainý,d for
cast in place on the inner side of the panels, the higb frequency resonance between 500 and
Polymethylmethyacrylate blocks were used as re- 1000 Hertz. The fundamentsl panel resonance
movable inserts to leave spaces in the foam for was Increased sligbtly from 160 Hertz to 160
the relays which protrude through holes in the Hertr which was sufficient to remove the reson-
panels. Aluminum angle was clamped aro%ýud ance from the severe vibration environment be-
the edges to make a form. The foam was cast low 150 Hertz,
and allowed to rise freely. After curing, the
foam was machined to the specified thickneiss
and SMRD 100F50 pads were bonded to the sur-
face. Epoxy adhesive Epon 82.8 was used., The
SMRD pad was then machined to the correct thick-

ness. Machining was necessary because of the
liml-ed space available with resulting cloie tol-

erances. Cut-outs for the relays were made in
the SMRD pads using a scalpal.

i±

a

10
44

100 1000(
Freqiiency (Hz)

F'ig. 6 -Respunse at Center of' FRTS PSM Revlay Pa~nel with Foarn/SMRD Modification
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CONCLUSIONS

On the basis of the results presented in this
paper, the following conclusions are made:

I. SMRD 100FS0 is an excellent lightweight,
castable, space compatible damping
material.

2. A layered damping configuration using a
rigid foam to offset the damnping material
from the parent shee, metal ia an effective
way to provide both stiffness and damping.

3. The layered configuration provided higher
damping than could be obtained by applying
the damping material directly to the alum-
intm.

4. The layered material need. be applied to only
One side of the basic sheet metal,

5, There is an optimum combination of foam
and damping material. tf the damping
material is stiff relative to the foam, a
large thickness of damping matetia! mav
provide less composite damping than a
small thickness.

6. The Polyurethane/SMRD 100F50 layered
stiffening-damping treatment wans effective in
reducing the dynamic magnifications of the
ERTS PSM relay panel by a factor of approxi-
mately 6. Dynamic magnificationb were
approximately 7 to I at the center of the relay
panel with the stiffening-damping treatment.
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DISCUSSION

Mr. pstein (Endevco Corporation): You Mr. Stable: Yes, and as it turas out we
mentioned that these tests were done mostly at used two different specimens to get those, that
room temperature. Do you have any indication is true. I am not really sure that I see your
whether these materials will work at the tern- point.
peratures encountered in space applications?

Mr. Ungar: My whole point is that I thinkMr. Stable: This would be a loss environ- many te ects that you foumd by lots of
ment. I guess you could have extremes but in testing could have been predicted.
general I would expect that the material would
behave fairly well at the normal range of tern- Mr. Stahle: When we started we did not
peratures that you would expect to see in the know what the damping characteristics of the
sound wave. That is a controlled environment, material were so the first thing we had to do

was to establish these. The next problem, and
Mr. Mixon (Holloman Air Force Base: I think it is not really that predictable, is that

"What was the weight Increase of the panel? You you have to be careful what you are doing when
a•ad it was originally three pounds. the two materials are put together. I never saw

the foami-damping material combination before.
Mr. Stable: I do not know. The foam Itself Perhaps you have seen it.

is very light and this material has a specific
gravity of 0.7 and it also had quarter-inch-thick Mr. Ungar: There is a theory of so called
"cut-outs in It. I do not really know exactly what space damping which is all worked out in great
the final increase was. Most of the three pounds detail
was the relays and the wiring and I do not think
it was In the damping treatment. Mr. Stable: This involves using metal

pieces to offset the damping material.
Mr. Volin (Naval Research Laboratory):

You mentioned that the Q values of a thinner Mr. Ungar: It does not matter what the
sample tended to be less than those of a thicker offseetlin material is if you know the stiffness.
sample. Could you give any reason for this You can play the entire prediction game. Let
behavior? me also point out that it is not only the loss

factor in the damping material that counts, but
Mr. Stable: I can only give you a feeling for it is the product of the loss factor and the stiff-

it. If you make the damping layer stiff enough ness. I am not selling LortA s material, but if
so that you cannot carry the strain through the you multiply the loss factor of the damping
foam you never strain the damping material, material by its modulus, the LD 400 still comes
Therefore some matching of the damping layer out better. Am I wrong ?
with the foam Is needed, and if you make the
damping material too stiff it just is not going Mr. Stable: I think there is one basic prob-
to work. lem with the LD 400. I do not think it is space

compatible. Of course it is not as easy to use
Mr. Ungar (Bolt Beranek and Newman): I as this material. It can be cast. Incidently this

think that most of the effects that you have found material comes in a number of different durom-
are entirely predictable. The theory of layered eters. That is why we put the 50 on the end. I
damping media has been around for a long time. am sure you are right that there is some trade-
If I gather correctly you used some to the theory off which was not really investigated; certainly
to get back at your material properties from a some other durometer may ultimately provide
system test. Is that right? an Increased composite loss factor, if you do

not lose a loss factor in making it stiffer.
Mr. Stable: Yes.

Mr. Ungar: I am sure its good to have a
Mr. Ungar: Did you ever measure material mateliaTh o space compatible but I am sure

propertlesiesbyhamselves and then use them to you also have to do a lot more work before you
predict what the system would do? You only can use it.
have two data points on your damping material.
That is very limited. Mr. Stable: It is being used on the ERTS.
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OPTIMIZATION OF A COMBINED RUZICKA AND SNOWDON

VIBRATION ISOLATION SYSTEM

Dennis E. Zeidler
Medtronic, Inc.

Minneapolis, Minnesota

and

Darrell A. Frohrib
University of Minnesota
Minneapolis, Minnesota

An isolator combining the advantages of optimized Ruzicka
and'Snowdon model3 is presented. This isolator is
demonstrated to have superior performance properties
as evaluated by a criterion function of the form
It = DT p + log Th.

INTRODUCTION Optimality in the Ruzicka sense relates
The quality of a vibration isola- p and N to realize a maximum response

tion system is usually described by its at the fixed point:
steady state transmissibility properties N N + 2
The criteria for selecting the best An) .
isolator very with the application. 2 ( N + 1 2
Often a tradeoff between low transmissi- Snowdon discusses the two inertia
bility at resonance and low transmissi- system shown in Figure 2. That trans-
bility in a high frequency range is missibility is:
involved. This study was motivated by 1/2
the well known optimizations performed + 021
on specific passive isolator types by Tu -

J. Ruzicka (l)* and J. Snowdon (2,3). LR2 + s 2 J

Ruzicka discussed the relaxation where,
isolator shown in Figure 1. He shows P - Y - 4 f2' & Z4

that the transmissibility is given by, Q - 2 f P Z2  (& + Y ),

1/2 R - c f 4 Z4 - f 2Z2 (I + Y +

T , I + ( (N + 1) 2tf/N) 2  ] 4 &p 2 Z 2 + . ) + y,

1 + 2 2 f (N + 1 ._f2 ) /N] *Bibliography references.
SNOMENCLATUR ,

D,N,U,VYZ,,',, r#, -- dimensionless constants as indicated in the Figures or
defined in the text

C -- viscous damping coefficient Th - transmissibility In the isolation
f -- frequency ratio, w/x range, above the highest resonance
It - transmissibility index Tp - resonant or peak transmissibility
K -- spring constant W - excitation frequency
M -- mass to be isolated 7B - sinusoidal input motion, XBeiwt
P,QRS - transmissibility terms de- Xl-X 2 ,X3 -motioordinates of the finn

fined in the text xe
t -- time - natural frequency of undamped t
T -- transmissibility,4)XBI P damping ratio, C/2M)4

Preceding page blank
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i

SK NK

IM X2

2fP z2 ( +Y)

The natural frequency of the
undamped system is: 'o- t.t~'*--

K=

Z2=l+Y-•- (l+Y+"•) 2 -4 Y.( I/2"..•o--:-'•••

(Introducing Z in this form normalizes . .. •...the response curves so that the lower .

resonant frequency occur, near f t 1. .e
Snowdon optimality determines the ratio
of inerteas, .* that minimizes the ., .. .

.....................

frequency interval between the two
resonant frequencies so as to gain as . . .

large an isolation range as possible. "*• ,' -.. . " ' ' " : . . .

There,
*opt " Y - 1

Optimum Ruzicka and optimum Snovdon
curves are compared in Figures 3a and
3b. In Figure 3a the two curves have
the same Th values but the Ruzicka .

curve has a lower Tp. In Figure 3b .

the two curves have equal Tp values . . . '
but the Snowdon curve has a lower Th.
Our study combines the two isolator
systems to gain the advantages of each ....

at resonance and in the isolation rane. ..

78. .......... .......... .. .. . ..
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0.1 lot)4.08, and 3.85 corresponding to P of

F'ip'rv 3w (,n,, i~r~ ýf iv ~wk -in n opn ie h lowest value of It. it is the
best TYPE 1 curve.

Conversely, applications for which

ANA4LYSIS Th is more important than TP will be
catcgorirzed as TYPE 21. Finally, appli-

The isolator model is shown in cations in which T~ and Th are equally

- -..... -" "' -:- i:. Figure 41 webi e are int restorn

Figue 4  we re nterste inimportant are referred to as TYPE 3.
controlling Xl/X, In Figure 5b, the P- 0.5 andP - 1.0
In the subsequent discussion the curves are respectively the best TYPE 2
following criterion function was and best TYPE 3 curves. Table 1 summa-
employed: rizes the criteria designations and

typical values for the weighting
t- =. T. + log10 Th .coefficient D.

where the objective is to minimize It Table I
for a given weighting factor D. ForCrtiaDsipon fvlu
example, in the following discussion Criteria DesinCripteion of Vau
T is assigned the value of transmissi- Deiona- Dsg rtrao

oL.ity at frequency ratio 100, i.e. TYin

betTYPE 1 inmig curv . th 5.

ConissTypeak transmissibility
INfAaS100 is more important

For some applications, minimizing Th is TYPE 2 Minimizing Th, the 0.5
much more important than-minimizing Tht high frequency trans-
we will classify this type of applica- mia scibility is more
tion as a TYPE 1 design criterion. For important
example, for the classical isolator
shown in Figurie sa, the TYPE 1 values TYPE 3 Tt and Th are 2.0
of It for a value of 0 e5 are 5.35 equally important
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where

M p . _Z2f 2  CA,4 +4z 2 , 2 (N( +i+ae )+
e ++y+V+aU )] + N (U+V+UV)

_Q = -2Z 4 f3. (- +N-K +4Z2 p 2 ,r ) +

2z2fp[ N (S +¥++U+V+ V+,U)+ U+v+uv ,

R =-Z4 f 4 [sN + 4Z 2 ,0 2  (p +•r + J] +
K 'C N(U+V+UV) -Z2f 2  [N(U+V+-(+I(U) +

4Z2,p2  (OB(N+(+,ON+(N+,U+AV+*)J.,
and
S - 2Z6f~.pa - 2Z4f3 * [N(,+ir+*m.,+
_< +U+V+4K+U-K +4Z2A 

243 + 2Z2fu'
N(a+ r+ ru+8sv+u+v) + u+v+uv]

Figure 5a; Classical isolator Although a formal seven dimensional
(.,, N,U ,V ,/,1 ,'-) optimization

, - study was not performed, the trans-
' j'li 1 L.r .VJ missibility index It was evaluated

.L I, i using a digital computer for a wide
range of parameter values. The beat

. . - .curves obtained using 5000 parameterS..combinations for TYPES 1, 2, and 3 are

shown in Figures 6a, 6b, and 6c: para-
!*F!id . .,:•fi •'I:',meter values for these curves are given

SF 4 a ,in Table 2.

,. .cB 0] ' t,• j+• .. . :.i'. i..i.. ......
vicr , .-- Ir

FI<I.)II':NCY l•,•lOI .: • '" TYPE I

The governing equations for the model

in Figure 4 are: L'e . ...

AC -ce, o F• • :!

U ÷ . ÷,.) K -U K -N K • '
-UK (U+V)K_ No -~~-NK 0 N X •'

We again define Z• K M where,,-

Z is now given b Z2 .1 ( U+V+ +,U -U
(U+V+-+SU)T "4 K (U+V+UV) )/20..

The transmissibility ist

1/2

p2 + Q2IIR2 + S2j .

so



V1 Table 2

.Fiq.TYPE a( N U V A
_ a 1 0.1 0 50.0 1.0 1.0 0 2.0

6a, 2 0.1 0 30,0 10.0 1.0 0 1.0
6a 3 0.1 0 10.0 0.5 1.0 0 1.0

-TYPP 2' 6b 1 0.5 0 50.0 3.0 1.0 0 2.0
- ~ 6b 2 0.5 0 90.0 30.0 1.0 0 1.0

6b 3 0.5 0 90.0 10.0 1.0 0 2.0

L6c 1 1.0 050.0 3.0 1.0 02.0
6c 2 . 002. . .

j6c 2 1.0 0 30.0 20.0 1.0 0 1.0

Note that the best response curves

Iwere obtained with N -A as0. Thus the
beat performance was gained from the
simplified system of Figure 7.

------ For this system:

:7:-. 7:1 (1+U+ -(U+ -(V) -4a' (U+V+UV)3

IH ~ IR 4f4 s Z2 f2 cl+u+.ýu+.XV) +
0.1 1.0 10 IQU+V+tUV , and

W!'Jir.M MNC RAir.O rP0 cre O~,4hfOI LC l fl S - 2Z 4)o f3  + 2Z2 .Po f ( U + V

The best response curves obtained in
this study for the simplified isolator
are summ~arized in table 3.

TY.t k

a It can be noted from Table 3 that
for the beat TYPE 2 curves, the stiff-
ness of the left spring in Figure 7 is
equal to zero.

*1K 14
:3 

JýX2

Fiur 71 simplified combined isolator



Table 3 Curve
CK U V jo Tp Th Type It

0.1 50 1.0 2.0 1.08 1.1 x 10:3 TYPE 1 2.41
0.2 30 0.3 2.0 1.08 5.5 x 10-4 TYPE 1 2.17
0.5 10 0.1 2.0 1.16 1.2 x 10-4 TYPE 1 1.84
1.0 10 0 2.0 1.19 8.2 x 10-5 TYPE 1 1.88

0.1 3 0 1.0 1.64 8.3 x 10-5 TYPE 2 -3.26
0.2 3 0 1.0 1.63 4.5 x 10-5 TYPE 2 -3.54
0.5 3 0 1.0 1.64 2.1 x 10:5 TYPE 2 -3.86
1.0 3 0 1.0 1.75 1.3 x 10- TYPE 2 -4.01

0.1 50 5.0 1.0 1.24 2.2 x 10-4 TYPE 3 -1.17
0.2 10 0.5 1.0 1.32 9.6 x 10- 5  TYPE 3 -1.37
0.5 9 0.1 2.0 1.17 1.0 x 10-4 TYPE 3 -1.64
1.0 10 0.1 2.0 1.21 7.7 x 10-5 TYPE 3 -1.70

Tables 4, 5, and 6 compare the Table 6: TYPE 3 Curve Comparison
response curves of the classical, the ISOLATOR T TIt
Ruzicka, the Snowdon and the combined

isolator for the three types of design Combined 1.17 1.0 x 10-4 -1.64

criteria. For each of the three types, (-( .5)
the combined isolator displays signi- Combined 1.31 1.0 x 10-4 -1.37

ficant improvement over both the opti- (o(- .2)
mum Ruzicka and the optimum Snowdon Ruzicka 2.00 3.0 x 10-4 0.48

responses. (N 2.)
Snowdon 2.98 3.0 x 10-4 1.04

Table 41 TYPE I Curve Comparison (sc 2 .5)Classical 2.28 5.0 x I0"3 2.26

ISOLATOR Tp Th It (p .25)

Combined 1.13 1.6 x 10-4 1.84
(a- .5) CONCLUSIONS

Combined 1.08 5.5 x 10-4 2.17
(0(- .2) This study demonstrates that the

Ruticka 1.25 9.0 x 10-4 3.20 combined isolator model (Figure 4) can
(N - 8.) be synthesized to provide superior

Snowdon 1.46 1.2 x 10-3 4.38 performanre compared to the optimized
(A-- .5) Ruuicka or Snowdon models. A search of

Classical 1.47 1.0 x 10-2 5.35 5000 parameter combination# indicated
V - .5) that a smaller It coulu be realited by

appropriate combinations of the two
Table 51 TYPE 2 Curve Comparison models. Furthermore, the search re-

ISOATOR Tp Itvealed that superior performance can
CoObiTed 1.6 2.1 x be gained from a model only slightly
combined 1.64 2.1 x 10-5 -3.86 more complex than the R.uxicka or Snow-
(#- .5) clon models. For example, the isolutor

Combined 1.64 4.3 x .02 .3.54 in Figure 7 performs better than either
(S d.2) 51 of the two standard models and is

Snowdon 5.16 4.8 x 10-5 -1.74 equally practical for certain isolator
(eKu .5) applications,

Snowdon 5.13 9.6 x 10-5 -1.46
(a.K- .2) The definition of the transmissi-

Ruzicka 5.00 1.5 x 10-4 -1.32 bility index, It, could be expanded.
(a a .5) 1. For some applications it may be more

Classical 10.06 1.0 x I0"• 2.03 mmanlntj~ul to modify the definition of
(pm..05) It to invlude additional factors such.

as average transmisslbility or the
slope of the curve at high frequencies.

82



LIST OF REFERENCES:

1.) Ruzicka, J. E., "Resonance Charac-
teristics of Unidirectional
Viscous and Coulomb-Damped
Vibration Isolation Systems,"
Journal of Engineering for
Industry, Trans. ASME, November,
1967.

2.) Snowdon, J. C. , "Vibration and
Shock in Damped Mechanical
Systems," Wiley, New York, 1967,
Chapters 1 - 3.

3.) Snowdon, J. C., "Isolation from
Mechanical Shock with One- and
Two-stage Mounting Systems,"
Journal of the Acoustical Society
of America, Volume 31, July, 1959.

83



TRANSIENT RESPONSE OF PASSIVE PNEUMATIC ISOLATORS

Gary L. Fox
Barry Division of Barry Wright Corporation

Burbank, California

and

Edward Steiner
Barry Oivision of Barry Wright Corporation

Burbank, California

The dynamic characteristics of pneumatic isolators in their nonlinear
region of operation has become of recent interest. Ir the following,
paper, a system of equations are derived for the general nonlinear
case Omere the volume change is greater than approximately lot. -he
effects of orifice flow dauing is included, and cocoarison between
experimental and theoretical results are presented.

INTCOCT ION

The system to be analyzed is shown in Fig-
ure I as a pendulum type pneumatic Isolator. A
column of compressed gas in the load and damain.
chambers supports the attached platform. An ori-
fice plate separatos the load chamber from the
damping chamber. As will be subsequently shown.
a ,orce out of phase with the platform displace-
ment is produced, due to gas flow from one cham
ber to the other. The phase difference results
from an lncrteas or decrease of gas in the load
chamber due to the flow. The net effect of this
force Is. observed as daing. If the relative
volu chinge in the load chaier is large, non-
linearities Introduced by prtesure chanqe and
fluid flow rate cannot be ignored. A large
volume change for the Isolator shown would be
from 1 to 8 Inches relativt displacement between
the ceiling #Ad platform. This type of excita-
t'on could be fro an earthquak. or nuclear '
qround shock.

Sow qualitative characteristics of the
isolator may be deduced from a linter analysis
(I]. At the orifice varies in area from 0 to
the largest msxiamp area. i.e.. the orifice
p1sto area, the "fr#qvequCy'c of vibration
increases monotonically from ore valuo to ano-
ther. On# would also expect a particular orifice
to 91"• the maximum d#Vinfg. ti,AI maprifei value ,

increasing with the daeiinc volume to load vol-
ue ratio, The above expectations art subotan-
tiated by theory and test results alke, if the
systeA parameters and excitation time h1story
are bitn hold constant.

" Since the wation is not truely periodic, tho
term frnquency is sowvwhat Incorrect, but P|eUti o
proves to be a useful concept. 01qndulum lreutic Isolator

Preceding page blank



ANALYSIS Variable Definitions

If the pressure in the load chamber is m Mass of Platform
taken as PL, summing the forces on the mass
yields g Acceleration Due to Gravity

my - PLA - mg (1) A Load Area

P Pressure

The value for A is approximately the area

of the orifice plate and X(t) describes its posi- n Moles of Gas
tion vs. time. Referring to Figure 2, X(t) also
describes the motion of the platform. V Volume

For an ideal gas, undergoing an isentropic ( (t),kX Absolute Displacement, Velocity,
process, the relation between the flow rate, Acceleration of the Platformrressure, and volume of a chamber is given by
IJ U (t), U Absolute Displacement, Velocity

of the Groundd d ) (2)
-tn = 1 (P�dV+ V/k k P) Specific Heat Ratios of an Ideal

Gas
The volume of the damping chamber is con-

stant The volume of the load chamber is given q Gas Density
by S Orifice Area

V=V + A (U- X) (3) R Universal Gas Constant

Where U (t) is some prescribed motion of the T Temperature, Absolute
ceiling and V is the volume of the damping
chamber when ?he system is in equilibrium. N Damping Volume to Load Volume

Ratio

Subscripts

L Variable Value in Load Chamber

U (t) 0 Variable Value inDamping
CEILING Chamber

0 Equilibrium Value of Variable

1,2 Variable Value in Either

Chamber Where P1 > P2

d Derivative with Respect to
VD- Po'q0 X (t) i Time

PLATFORM

0• Application of Equation (2) to the damping

VLs PL L "-ORIFICE chamber produces.

AREA S d no D nD d pD (4)

and to the load chamber,

d n nLA(6 - X) nL d PL (5)

rt L" V•-VA(U-) k P-L di.

FIGURE 2 Since the orifice is thin. the same amount

of gas enters one chamber that leaves the other.
Isolator Schematic
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Mathematically, dX

dnD dnLd P Po k dnD

--aT (6) (no D1fl - n) - (nic)

For the orifice of area S, under consider-
ation, frictionless adliabatic flow appears dn
acceptable. Lettinig Gm be the mass per mole of (1) q2 S lp2/P
the gas, the aoverning equation for the flow is
[2]. (rid)

d PL PLk (dnL- nLA(0 Y)'1 (lie)
dnlL .q2 S~r q -) . R (Il)X,

dt G_ 12P l ( P)ct n
(7) Solution of the preceeding coupled differ-

ential equations were obtained by utilizing awhere Runge-Cutta Fourth Order Integration Scheme.
The integration increment was reduced until the

J(P ) (2) 2/k P 2. (81 solution converged. This is about 1.5 milli-
S- (8) seconds in most cases, although for larger ori-

Pi P1 rfice sizes, area ratios above .05, required
about an 0.1 millsecond interval for convw- .ence.

and ql and q2 are the gas densities at P, and P The excitation motion was taken in the d#.-,ird
such that P1 is greater than P2. Equatitns (7)2 (positive) direction as illustrated in r".,.e 3.
and (8) apply provided the pressure ratio is
greater than .53? This condition was met for
all test cases. Displacement

The direction of mass flow can be written 0
as

PD " PL = +1/

II PD L PL

This gives a negative flow from the load chamber
if PL is greater than PD and positive if PO is -. 10
greater than PL. -

0 0.1 Time (Sec)

At equilibrium, let the total number of FIGURE 3
moles be no at pressure P0 and temperature To.
From the equation of state Excitation Time History

no Z Po (Vo + VD) / RTo (9)
The excitation can be defined mathematically byThe densities can be calculated in terms of nL

and no to be 
m0'

U M - t- 0 1t : 0.1 (12)

nL Gm IU.10 ( 'lt
qL Vo + A(U -X) (10) Where 0 is a constant velocity. This closely

resembled the test excitation.
q _(n_ Gm Before proceeding to test results, it is

VD possible to discuss further the damping mechan-
ism. using the results of the preceeding analy-

If we set Y = dX a system of first order dif- sis.
dt

ferential equations can be written as follows: Figure 4a shows pressure 4nd platform dis-
placement vs. time for an undamped system.
Since pressure is directly proportional to the

dY _ PL A (1a) applied force, the displacement and force are
t- g seen to be in phase. Looking now at Figure 4b,

the same system and input is used as in Figure
4a, except that an orifice for maximum damping

*For air where k - 1.4 is used. The effect of the difference in phase
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- DISPLACEMENT

--- P R S S U R I ~D ISPLACEM E N T

PRESSURE

"I NCH X . E- CCLRTOkOPSI /,ýýPA ACELRAIO

/- -FREQUENCY

STIME (SEQ. 3 4 7. TIME (SEC) 3 4

(a) (b)
Undamped Damped

FIGURE 4

Comparison of Damped and Undamped Isolators

of the force and displacement is now apparent. COMPARISON WITH TEST RESULTS

Fig'ureý 4b is- used also to define some-use-
ful terms. Since frequency and damping vary .A photograph of the instrumentation is
with displacement, a unique posi 'tion- on the time shown in Figure- 5. .Thie displ'acement input is
history~re~ord must he selected tr make? the lin- achieved by releasing the pendant, whose mnass
ear tenaiinology meaningful. As the displacement i's ap rximately~one~ tenth of the supported mass.
approaches zer;), the damping approaches zero and This rasults in approximatelty a 10 G acceleration
the frequency approaches that associated with a of the p~endant due to the pressure in the load
large orifice. 'This is expected, since for very chamber, As the load chamber expan~ds, the pen-
low flow, the orifice cffers relatively little dant is forced downward until its mot-ion is
restriction. Figure 4b shows this trend by a arrested by a deceleration mechanism when the
smaller phase angle at the -lower-displacements. . required dihplaccmet is achieved.

Tests were conducted using 12 different
orifice to load area ratios. For each aren ratio
there were four volume ratios, VD/VL - N, tested.
The percent volume change of the load chamber

___________________for i~he differenit N's are shown in Table 1.

R pvo~d'Iced from
Ebest available copym.03 n

1.64 51 4 In.
1.30 61 6 In.

Volume Ratio %Volume Di spl acement

NChange Input

TABL.E 1

The displacement and acceleration time his-
tories were recorded on an X-Y plotter. The
system frequency was low enough that a plot
could be in recorded in real time.

FIGURE 5 A comparison of measured and calculated
peak accelerations are presented in Figure 6.

Photo of Test Equipment Note that the 6cceleration decreases for larger
N. This is due not only to Increased damping,
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1.00- x Ei A e MEASURED
CALCULATED

A~~ N a2.20
SN- 1.64

-A N 1.30

N 1.08 4 _.

.-0

_ \ • " N - 1,30

AR~EA RATI S/
00001 .0001 .001 :01 .I

- FIGURE6

Peak Acceleration Vs. Area Ratio

but also to a smaller displacement excitation. A comparison of how peak acceleration,
Figures 7 and 8 compare the frequency and damp- frequency, and damping Interact as the area
ing. All three figures use a common abscissa, ratio varies, ic shown in Figure 9. The initial
the orifice area to load area ratio, S/A. A drop in peak acceleration is due to both the
close correlation between test and theory can be increase in damping and lower system frequency,
noted in these figures, especially 6 and 7. The the frequency effect dominating until it becomes
ordinate of Figure 8 is the damping ratio cal- constant. The slight rise in peak acceleration
culated from the linear system analogy by after the frequency levels out , is due to the

lowering in damping as the orifice to load area

]-1 /2 
ratio increases.

PEAK ACCELERATION

where XI and Xi are as defined in Figure 4b.
The authors fe t reasonably justified in adding
2% critical damping to the calculations after N- 30
analyzing the time history response of an undam-
ped isolator. Amplitude ratios of the first
four peaks showed that the decay was nearly
exponential. If .02 is subtracted from these I-_FRQUENCY .Y

curves, the values will correspond to an equiva-
lent system with no viscous damping. The addi-
tion of this damping force lowered the calculat-
ed system frequency by about 1% and the peak DAMPING RATIO

G-level by about 5%. Of course, actual friction -

forces could not be easily calculated or measur- -AREA RATIO s/A
ed, although the effect is apparent as increased
damping. Since the maximum damping appears at
the expected area ratio, it seems likely the FIGURE 9
discrepancy between measured and calculated Comparison of Response Characteristics
values is due to friction.
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, I r" t 1 1i ' I I i ] " |... i i i I i I i i

N . 2.20
x

x x- A o MEASURED

1.4 CALCULATED

N 1.64 x N- 2.20
N N- 1.64

M N- 1.30
1.2 - N- 1.08

S N "1.308

1.0 -1.08
1.0

S- 1.64.8N " 1.30

AREA RATIO S/A

.00001 .0001 .001 .01 .1
FIGURE 7

Frequency Vs. Area Ratio

.30 x , MEASURED

L ' - CALCULATED
S \ x N 2.20

.25 N N• 1.08

.20/

.15 iii I--

.10 X//

AREA RATIO S/A

.00001 .0001 .001 .01

FIGURE 8
Damping Vs. Area Ratio

90



3,600 Pounds 12 In. 2  1.3 .0014 .204 .84 .40

20,000 Pounds 66.6 In.2  1.4 .0012 .213 .85 .39

Supported Load Volume Area Damping System Peak
Weight Area Ratio Ratio S/A Ratio Frequency G

TABLE II
Comparison of Different Load Areas

3600 POUNDS The slight differences in response is due
- 6800 POUNDS only to friction effects, the same Frlctlon

force being more apparent with the lighter
2 -weight system. This implies that when a mass is

leveled by adjusting the pressures in the vari-
-ous Isolators, the system will automatically be

0 decoupled along the isolator axis.

SU Similar dynamic characteristics may also be
-J •obtained with totally different isolators, pro-

viding their physical parameters are similar.
Comparison of the response of two isolators with

4 e different support area can be seen in Table II.
The excitation displacement in both cases was 8
inches, resulting in a 60% volume change in the

S. load chamber.

5 TIME (sEC) REFERENCES
| I I I t

0 1 2.03.0
FIGURE 10 1. Richard 0. Cavanaugh, "Air Suspension

Response Comparison for Different Weights and Servo-Controlled Isolation Systems," Chapter
S33, Shock and Vibration Handbook, ed. by Harris

and Crede. McGraw-Hill, New York, 1961.

An ideal property that these pneumatic iso- 2. Bird, Stewart, and Llghtfoot, Transport
lators possess is their dynamic equivalence with Phenomena, pp. 480-481. John Wiley & So-ns,9•,.
different supported weights. An indication of
this equivalence can be seen in equation (Ila). 3. Ruzlcka, J, E., and R. 0. Cavanaugh,
As long as the ratio P A/r remains constant, "Vibration Isolation," Machine Design, Vol. 30,
the system will exhibtA identical characteris- October 16, 1968.
tics. This prediction is borne out by experi-
ment. Figure 10 shows displacement-time histo- 4. Kunica, S., "Servo-Controlled Pneum-
ries of the same isolator supporting 3600 and tic Isolators--An Advanced Concept for Vibra-
1800 pounds, corresponding to an equilibrium tion Isolation, Proceedings of Inst. of Environ-
pressure of 300 and 150 psi respectively. men S]cnu .E_, 19
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EXPERIMENTAL DETERMINATION OF STRUCTURAL AND STILL

WATER DAMPING AND VIRTUAL MASS OF CONTROL SURFACES

by
Ralph C. Leibowitz and Arthur Kilcullen

Naval Ship Research and Development Center
Washington, D.C.

An experiment has been desi3ned for determining the damping constants
and virtual mass for the control surface systems of USS ALBACORE (AGSS
569) and USS SAMPSON (DIG 10); theoretical methods for determining the
virtual inertias (including virtual mass) of these control surfaces
are aluo given. The theoretical foundation for the experimental design
and the procedure for analyzing the experimental data to obtain the
parameters are described. These damping and inertial parameters are
essential to the rerformance of a hull-control surface vibration and/or
flutter analysis. -5

INTRODUCTION

The solution for the vibrations and decrement and damping for these botions, the
flutter chsracteristics of a combined hull- virtual mass and virtual mass moments of inertia
control surface system can be obtained if the of the control surface about axes through its
physical and hydroelastic parameters In the center of mass are given in Table 1. These
equations of motion representing the systemi motions are due to an impulsive load acting on
are evaluated, the theory underlying the the zontrol surface. The equations developed
derivation of theso equations has been shown are applicable for motton associated with 4
to have some degree of vwrification. 3 The single frequency; thus, each medal frequency of
method of evaluation of physical (mass-elastic) ai complvu. motion is treated in turn. Fxt,.nsion
parameterk associoted with oqu-1.tions of motion to Dewvral superpo.ivd modes 15 disv'iss.d to the
of the hull alone is givyn In Refcrence 5. The text.
method of evaluation of cortain hydroelastic
parameters for the control surface (eg,, DESCRIPTION OF RUDDER-STOCK-RUT.L SYST•M
redder and/or diving planv) is given in rofer-
ence 2. The re'presentat ion of a rudder-ttack-hQl

systemt aad its mot ion* is bhsed on the

The ptimary objetcvt, of this risport is to following assumptions.
add to the mtthod of evaluation of the control
surface psrametors by describing experiftntally. 1. The rudder is considered to be a
based methods for computing damping constanti rigid body attached to a flrxiblr stov:k, vhhkh,
and virtual mass for the control sur[Ace. It in turn. ti attached to a flexible h-ll. The
addition. certain equationu are pruskoted for point of attachment of the rudder to ih. stitk
valculAting the virtual Inertias (itnluding %ill be diff-rent for each ridder system. lin
virtual mwss) by theory alone. The en(ire this report it will bv assumed to be locAted nt
proceder, I.s 4vmonstrrted for the caset ot two the top ol the rudder. (For th- t-hiptp tc.bted
shitp, USS ALBACORE (ACSS 564) and VSS SAM1"SO here, the stocks vere velded into tkK- vontrol
(DW 10). surfaces such that the portion of the stock

within the surface move# rigidly with the
SUWIAR¥Y OF KESULTS surface).

Equatlons and other Identifying material 2. Of the bix pasthb tL.. tutiuna vi th,
for the *experitmntal detrwinatton of econtrol rudder lascliAted with a syws-(rltal rigid
surfaces, and hull motins. the logarithmic rudditr-fluxi'l0 stoak system., uhly thrcw

* The control surfaces considered here are rudders and Stern planes.

t Stern plane-hull systems ark, similarly treattd.
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contribute significantly to the total coupled analysis. In some problems, these effects may
athwartship motion. These are the rotationsy be significant enough to require. an extended
and a about the z- and x-axes and the trans- treatment of the analysis presented here. The
lati~on v along the y-axis respectively (see methods basic to this extension will be similar
Figure 1). to those given in the test; the detailed pro-

cedure will depend upon the particular applica-
3. Small vibration theory is appli- tion, i.e., the particular hull-rudder system.

cable, i.e., the system is linear for small
angular and translational displacements. Equ#ýions (4) - (6b) of Table 1, which are

derived in Appendix C, define the logarithmic
4. The combined still water and decrements of the 7, a, anid v motions corre-

structural damping force is proportional to sponding to the transient displacements of the
the velocity of thv rudder, i.e., viscous rudder system including the c~ontributions of
damping is assumed. the hull motions.* Similarly, Equation (7) is

the decrement for. the coupled %, At, v ,sotions.t
THEORETICAL ANALYSIS The corresponding decrements for the motions of

the rudder relative to the hull are given by
The-analysis underlying the derivation o~f E~quations (10) - (12) using Ec~uat ions (8) and

the equations in Table 1 is described in this (9) and the procedure giver in Appendix B for
sect ion. obtaining 7b; see Appendix C. Equation (13),

also drived in Appendix C, defines the modal
Figures 1 and 2 are schematic diagra-2s of decrement of the rudder motions relative to

the instrumentation of the rudder-stock-4ull the hull.
system. The d I'd in these figures represents
the displacements of the system at the points The method for determining the zero speed
indicuted when the rudder-stock-hull system is damping parameters of the rudder and the
set into free vibration by an impulsive loading relationship between these parameters and the
on the rvedder. Kinemaitc relationships betveen logarithmic decremente Qf the rudder is now
the displacements di .and the corresponding treatred (see Appendix D).
components for rotational and translatiore~l
motions y, a, and v about the z- and x-axes Page 78 of Reference- . gives the several
respectively an~d along the y-axis ' are derived damping paramctvrs associa4ted with motionsji
in Appendix A. The resulting equ-Itions (11, and & and V; of the rudder. Of these several
through (3b) are summarized in Table 1. parameters,, only the. paramuters'C and c

asspcliited with rudder translation athwartuhip
The preceding analysis for the ru~ddr (alo~ng y-) and rudder rotAtion about an axis

vibration Includes the contributions of the parallel to the stock (about a!!) have been con-
hull motion for during a vibration oi the siderod as stgnificant and are. ' herefure the
entire rudder-hull system, the flexible hull- only one* included 'n the cnqutktior of motion
alto translates and rotates along the y- ikl (62a, b) of Ref~erence I, which are the basis
about the x- and x-axes, respoctively. Hence, for determining the damping parameter values
tne hull's notional contribution must bv sub- here'.
ttactud from the recorded rudder motions in
order to determine- the mot ions of the, rudder Since w- are considerint, the damping of
relativP to the hull; this is equivalent- rx the systvim in still water, terms containing S
finding the motions of the, rudder system (ship zapvt-d) in.'quntions (62., b) art- equated
(rudder and offectivt length of stock) #ttachvd to -av-ru. Also,-since damping tn the a degiree
to a rigid hull. The, hull motions are con- of freedom "11 be assumed to be negligible,
siderod to be applied to the rudder stock at Equation (620) is emitted from the discussion.
the efectIvo points of gt-tachment of rudder - quitlon* (62&. b-) may be used directly to
stock to hull. Thevs points of attachment for obtain (at aero speed) the parameters C and c
bending tend torsion of the ruddot stock which in terMs of the variab~les *( a' V' "b' 41b vb
permit tis to compute corresponding effective and :ortain gevometrical and physical parameters.
longthit of the stock are determtined from tho
revarded data by extrapolation and interpola- The variables are obtained from the, test
tion methods as-explained in Appendix 0. records and the constants arc determined by

t he ,-t hods of Itvtreioce 2 and/or from measure-
The ,.h(ccts of motions 9f the tiller and t '~. . 1, way tturn otit that when variables

steering system upon the total retordelv mot ion Obtained from ono port kan of the rocordo are
of the rudder have tiot been included in this inserted Into these equastions, the calculated

The logarithmic decri-avet corresponds to a single made of vibration (i.e., decaying sinusoidal
oscillation). Consideration for several supvrpost-d modes is discussod in the text. To obtain
vach decrement, we look at the motion In one- degr-e. of frevedom, At a time, ignoring the mot ions
in tive other two de-grees or frveeom,

1'Here- the logartthlit drcrem.'nt is for ono mode af vibrstion of the ru4d-'r tystem Including the
ro.n-.lb,. 'not of the, mot lone a, -0d in fhe thre,' fqvr-qt.- ff fr..edo.
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values of C and c are different from those y alone or a alone and is also the same as that
corresponding to the variables obtained from for the total displacement (at any point on the
another portion of the record. This indicate3 rudder) consisting of contributions of the
that CsC(t) and c-c (t). If the variation is coupled motions y, a, and v.
small, then C and c may be sensibly considered
to be constant for convenience. If the record When more than one mode is present simul-
shows that the modes are discrete at different taneously, each contributes to the v (or a )
times, then each mode may in turn be treated motion. The motion in each degree of freedom
as predominant over the pertinent time interval may then be considered to be the sum of sinu-
and substitution of the variables will show if soids with frequencies corresponding to the
C and c vary with the mode (or frequency), i.e., modes present. Note that the phase relation-
whether C=C(wj), c=€c(w). Appendix D gives the ships are also included in the equations.
derivation of the resulting Equations (14) and
(15) which are based upon Equations (62a, b) Thus in general
of Reference 1. In these equations,

- A £. L= L (see Reference 3Wwre 6 is the3
loaitmc C c v(t) 1 e ih ( itvl sin W i t + vi, 2 os wit)

logarithmic decrement of the waveform, A Is the real i.I

part of indicating the delree of damping.and
cois the imaginary part of A which is the 3
circular frequency of vibration; i.e.,X A+Jj vb(t) e lit(vbl in it + Vi
4, w(and henceP) are directly obtainable from i-I
the waveform on a given record for a particular 3
mode of vibration. Cc and cc are critical c(t).se At
damping constants for the translational and ii t
rotational degrees of freedom, respectively.

If all modes, or two of the three modes, with similar expressions forab, 7, 7F" The
persist simultaneously, then each mode may be equations for these variables and their deriva-
filtered in turn from a taped signal and an tives my then be substituted into Equation
oscillogram of the filtered mode signal can be (62a, b).and C and c found in s manner
obtained. Thus postulating that v(t) may De similar to thai givent above for i a I or 2 or
representvd by: 3 only. The resulting equations which are

more complex will not be given here but can be

X tt easily obtained.

v()- vie Thc mas and flexibility of the rudder can
be calclated usitl the methods of References 4 or

where S. Uxtension of the damping coml•utation to
include certain damping constants omitted in

Pi + Jwt L a 1.2,3 deriving Equation (62) of Reference I can be
performed using th# methods of Reference 6.

Then if the ith mode pr:ominates for a partic- TEST FICROC•EW
ular period of time or is filtered out of the
taped signal, the equation for v(t) becomes The computation of the parameters C' C'

X t ,C/Cc, etc. requires that experimental data be
v(t) 0 v* 1 t - 1.2.3 obtained for insertion into the iquations of

Table 1. This section describes the test pro-
for the correspooding signal and similarly for cedure for obtaining such data.
the variables 7, a Vb, Tb ab (see Appendix 0).

•'igures I and 2 show the schematic diagrams:
equations (62, b) ot RateoAnce I may be of the rudder, rudder stock, and hull with

solved to obtain C/C or S -I by the analytic accelerometers at locations d which a&e direct-
procedures of Reference 3* 3. his value my be ed normal to the vertical cenferplanes of the
compared with C/C or c/c 1 obtained from rudder-stock and hull. Care must be taken to
the measurements 5#acr~ibe able ond in locate (i.e., compute prior to testift) tho
Appendix C. Close agreoment would indicate exact center of most of tCh rudder in order
that the computation for C/C and ckc from to accurately determine the rotational and
experimental data as prescri~td here r s valid, translational components of the totAl measured
It should be noted that for a particular mode, motion of the rudder.
the decay ratio for translational motion v
alone to the same as that for rotational motine The rudder-hull system was set into (roe.

* Detail of the method of solution of the decay ratio C/C. and application to actual problem
are jivt•e in this referente.

S eetut4zt Api);-dix A.
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vibration by impulsive excitation of the were averaged to yield 67. 60, and 6 from a
rudder. The excitation was produced by a snub- single record (i.e., single excitation).
nosed ram capable of creating an impulsive load
of large magnitude with duration sufficient to Since the rudder and stern plane stocks
excite the lower modes of vibration. Excita- were not accessible for instrumentation during
tions arc produced at different locations on the tests, the effective lengths of stock, X1
the rudder in order to agitate all (lower) andiT could not be computed. Also, values for
modes of interest, the hull motions yb, ab, and vhs required for

the computation of C and c by tquations (14) and
The vibratory reponses picked up by the (15), were not available. However, since phase,

accelerometers are converted into electrical angles between corresponding rudder and hull
signals which are then amplified and recorded motions (e.g., between v and vb, etc.) were
onto magnetic tarp :. cscillograph charts, observed to be immeasurably small, the terms
Figures 3a and 3b are block diagrams of the with subscript 2 (e.g., $ 2 , ahb, etc.) in the
recording systems used in ALBACORE and SAMPSON right members of these equations may be
tests, respectively, ignored, thereby reducing the equations to the

simpler forms of Equations (16) and (17).
In general, such tests are to be performed Equation (16) is independent of 

T
b , ab, and vb

in air and in water, as is Equation (17) also if we assume Vb1 = 0
for convenience of calculation. Under these

RESULTS conditions, damping values C and c in air and
in water were computed (see Table 2). In com-

The results of analyzing the data obtained puting the damping values C and c, average
from zero speed tests in drydock flooded and values of the decrements 6v = (6v)aVe and
unflooded on ALBACORE and SAMPSON are shown in 67 = (6

7)ave are used.
Table 2. The methods of data analysis yielding
these resultg are now discussed. Virtual mass and mass moments of inertia

were computed for the rudder using Equations
ALBACORE RESULTS (18) - (21) (see Table I) and are tabulated in

Table 2. Similar results were not obtained fot

A typical trace taken from ALBACORE the scern plane since they were tested in air
records is shown In Figure 4. Analysis was only.
made for the 20-cps stern plane vibrations (in
air), for the 24.5-cps rudder vibration (in SAMPSON RESULTS
air), and for the 13-cps rudder vibration (in
water); these are the predominant frequencies. Analyses were made on the two most read-
No measurements were made on the submerged able records from the SAMPSON trials.

7 
Both

stern planes. of these were for in-water t'rials.. In-air
testing of the SAMPSON rudder provided no

Since no hull motions were recorded for usable data since the lower modes of vibration
which 

7 b, ab, and vb could be determined, were not excited sufficiently. Hence no com-
computations for 6 6 a, and 6¶ only were made putations were made for virtual mass or virtual
using Equations (4), (5), (6a), and (6b) of mass moments of inertia using Equation (18)
Table 1. Equation (i) was used to compute which requires in-air frequency data. The
6

modal for each gage; these values were total mass of the rudder in translation was
averaged to give one value of 

6
modal for the obtained by adding the virtual mass computed

entire system, i.e., one value for the rudder by Equation (19) to the structural mass.
system and one for the stern plane system.

Plots were made of the total displacement
The records were analyzed by fairing a of each gage from both records and are shown

curve through the peak amplitudes of the in Figure 5. The figure shows that there is
oscillograms and by measuring peak amplitudes no significant rotation of the SAMPSON rudder
at the same instant of time of all traces because all displacements appear to have the
obtained from a particular impulsive excita- same amplitude. As a result, the total motion
Lion.* The faired curves represent the measured by each gage was not separated into
envelope of a decaying sinusoidal wave. Values its 7, a. and v components.
of 7, a, and v for several peak amplitudes of
the trace were obtained by substituting the Further, since the hull displacements were
measured values of di corresponding to fixed nearly equal to the values of the rudder dis-
tim's into Equations (I) - (ib). Ratios of placements, hull contributions to the total
the succe-ssive values of y. a, and v were recorded motion were not extracted. The
formed, and the logarithmic decrements for analysis thus consis,.ed of determining the
these ratios were computed. Approximately 10 logarithmic decrement from each gage for both
to 15 values for the decrement of 7, a, and v runs. This amounts to determining 6modal for

T The peak amplitudes could be measured simultaneously because phase shifts on the rudder were

found to be negligible.
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each gage. The results of the analysis for the It should be noted that the fundamental
predominant frequency of 2.18-cpa are presented frequency observed for ALBACORE is considerably
in Table 2. higher.

DIWCUSSION Future simplification of data analysis
should take advantage of the fact that any

Table 2 showp -hat the procedure developed decrement 5 1can be determined: (1) graphi-
for computing the logarithmic decrements yields cally from oscillographic or magnetically taped
results which do not vary widely. It, there- records of the signals d1 (t) ' d 2(t), etc., or
fore, provides reasonable (i.e., order of by (2) devising electrical circuitry to record
magnitude) estimates for the dccrements and the values of the decremvents directly either
corresponding damping values for the control as soon as the signals are measured or in the
surfaces useful for ship vibration and flutter laboratory using tape stored signal data.
analysis. A similar statement may be made for
computation of the virtual mass (see Table 2d). CONCLUSIONS

Sirnce the rudder is attached through a Based on the foregoing analysis and test
flexible stock to a flexible hull, the results, the following conclusions have been
frequencies in Equation (18) will depend on the reached:
mass-elastic properties of the hull as well as
on the properties of the rudder-stock system. 1. It appears likely that reliable
Apart fromu h-4 11 effects, the frequency data results for damping coefficients and inertial
used in Equation (18) correspond to the parameters for control surfaces can be obtained
(wwci:uL.~d) ;wupjvd ., a. 7 rnotinne nf the- usina the methods presented here.
rudder whereas strict application of Equation
(18) requires that frequency data associated 2. Use of m"odal analysis equipment
with uncoupled cantilevered motions be used (filter.) which gives the frequency, logarithmic
(Gee Appendix E). Nevertheless, transgression decrement, and damping for each mode and the
of this rigorous application of Equation (18) relative phase between any two vibratory dis-
incurred only a 10 percent deviation from the placements at different points on a structure,
average of the results obtained by use of ior a particular mode, is vital for the Fracti-
Equations (18) and (19), (see Table 2d). cal application of the present analysis.fl

1l 4

In general, fluctuations in the results 3. The test procedure must be
may be lasrgoly attributed to difficulty in improved. Impulsive loading should be con-
reading rocords accurately due to a variety trolled so that all significant model
of cause3. frequencies of tho control surfaces are excited

(sew DISCUSSION). Extraneoux noise and vibra-
For SAMPSON data, an attempt was made to tion effects on tho record*d dala meat be

filter the frequencies of in'terest from the eliminated or minimisod by controlling t,%o
total recorded signal be-cause to *any soorce of thr trouble and/or improvit.g thr
frequencies were excited. Figores 6s, b are. instrumntation.
typical tra,:cs ot SAMPSONI records. Figure 6a
showk the total recordkid response of a givon RKOWEQNDATtONS
gagie and Figure 6b shows thp filtered reaponsu.
the center frequency of the Mit-vr io 2.18-cpa. 1. Furth-Ir tests on control a-irfatva of
Notr that prior to tiew t . the point in time surtatv ships, subwrtnos, hydrocrafts. etc..
whtn the rudder ts iwpulo?Vely L~cltkd. a should bv condutwxkt In accorda.ocr with the
t tg-Vot of the A-mv fr,'qurncy, 2.1S-cps, occtur.. procrduro presentvd here to obtain realistic
in the trace. This signal *pporvnt!lN pwersists draping and inertial paraenwrs for thpty
after impact and Is staperposedl upon the decay mitUrl~e.
t.urvv. Thu source of this signal is wincertain,

2. The analysis should be extrnde-d to
iWe e.,rmiso that the predo*inant signals include the mass-elastic Veffets of ttiler

with the. frequiency of 2.lU-cps corrvopood to connections, link*, and other *terwirng 11"r
horizontal bendingi vibra: ion oI the hull for machinery on the vIbratinal. response of the
thv following reasonos. Thu displacemnts of system,
the ruddor and stock and h4.d art, all approxi-
mAtely equal. The hull gage at Location. 5 1. Analysis equipaent should tie developed
(Figuf0 1) %thith is a~pproXiAtely 9) i0. (fr <r purchassed in order to oomla the desired

woy 4 the iretd4;r Ioa(ý rO4t-odd approximstrly results (roawthe recorded data.
the. same response as the, rodder rtou ;*gvs.
Morvovvr. t1e 2.16-cps tre,4uq'ncy is vell within ACKNOWILFOIXI2*HT
the Irtegio of lateral vi rat ion of shikps,
particul.Arly deateoyert. whttrie tho~ funda- Theo authors are grateful to Mr. G.. Iraina,
mental measured frequencies of some other 9.1 M. It. Noonan and D~r. 1. 5ochmsnn tot con-
rudder systems is in the rogion, of t-.S-kp* . 9  structive criticivm. Dr. ScIttlman asio helow-d
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APPENDL A

DEVELOPHENT OF EQUATIONS FOR DETERMINATION OF
RUDDER MOTIONS -, a. v

Figure 1 is a diagram of the gage layout or
on the rudder. The gages are placed along x-,
z-axes whose origin is at the center of mass V X 5 (d 4 +K6 4 8 ) 'A'3b]
of the rudder.* Thus, x1 is the distance
between the center of mass and Gage 4 which
measures displacement d4. It is assumed that
noa contribution to th2 total measured motion where
of a gage exists on the horizontal axis K2
(x-axis) through the center of mass. Likewise, K3 zI + z.
no 7 contribution to the total measured motion
of a gage exists on the vertical axis (z-axis)
through the center of mass. Only motions in
the 7, a, and v degrees of freedom contribute K = z1/Z2
significantly to the total coupled athwartship
motion of the rudder. Referring to Figure 1,

x2

d4 = v # xi7 K l x2

1 2xd81= = -xIx

from which K 16 f 2

7z 1 x2 (d 4 -d 8 ) (d 4 - d 8 ) [A-I

where K =X+ 1  
= constant

likewise d2 =v -zIa

from which a = 1 (d - d )
zi+2z2 6 2

K 2 (d 6 - d 2 ) [A-21

where K - constant
2 21I +z22

From the equations leading to [A-li and [A-2)
we have

v = K3 (d 2 + K4d%) [A-3a]

Prior to the conduction of the tests the centers of mass of the rudder in air and in water must
be computed. The center of mass in water is computed to be the center of mass of the combined
rudder-rudder stock system including the virtual mass which is approximated by the volume of
water contained in an ellipsoidal cylinder of revolution taken about a rudder axis (see
Reference 4, page 12). The virtual mass computed in accordance with the method of this
reference (Equation (19). Table 1) may be compareJ with the experimental value determined
from the data by use of Equation (18), Table 1.
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APPENDIX B

DETERMINATION OF EFFEC1IVE LENGTHS OF CONTROL
SURFACE STOCK

Assume i set of cartesian coordinate axes From Figure 1,
(x' -, y' -, z' -) with the origin 0' at the
pcint of attachment of the control surface to d3  (d [B-9]
the stock (usually at the top of the control 3 dva-9-315 1-i

surface) such that the z'-axis runs through
the center of the control surface stock (see and dI (d ) -x B-O]

Figure 7); note z=' z-b and x=x-h. For va 1-3 6 7113
simplicity, we will call our control surface a
rudder. All equations and statements apply From Equations (0-9], and rB-1O] we have
equally well to stern planes.

Referring to Figure 8, define (dva)7.11 7 1-3 K14 (d3  dl)
as the displacement of the stock between 1
Gage Positions 7 and 11 due to the a ard , and
motions of the stock. Also, let 77l1 be the
y rotation of the stock between Gage;'ositions (d v,a) -3 K12 (d3 4K 13d [-12]

7 and 11. Then,

x6
d 7 =(dva)7-1 + x 7 7 7 1 1  (B-1l where K2 x + 6 = constant

d =(d B2d11 (v'a)7-11 "Xll T7-11 xB2

and K = constant

From [B-I1 and (B-2], noting that x7 x1 l, 6

we have
K . constant

7-l1 K7 (d 7 - dli) (B-3] 14 x5 + x6

1 K 1 Figures 8 and 9 are plots of (dva)zI and -
where KT7 2x - = constant versus z' respectively obtained from the values

7 11 calculated by the above equations. For a rigid
control surface, 7 has a constant value, i.e.,
the value of * obtained by Equation [A-l]

Similarly d 12=(dv,a)10.2 x 12 )10.12 (B-4) should equal that obtained by Equation (B-Il.
Both (dv, a).1 3 and y1-3 are plotted at z'=O.

d0=(dva)10 - x 1 10 -12 [B-5] In Figure 8, the curve of (d a. )against
z' approaches the straight fr4 _ w464se slope is

the tangent of +abý. Ihis line appears as
from which (since xlO 112), the dott-ew lill , in igure 8. The angle this

makes with the vertical (parallel to z') isab
The method of measuringab and the location

710-12 K 8 (d10 -d 1 2) (B-6] of this line in the plane will be discussed
later in this appendix. These straight lines
(or asymptotes) remain straight for increasing
z' since they represent the rigid body motionsg8K • constant8o2x 2x o n and torsional motions of the hull. Bending of
the hull in the horizontal plane would give

From Equat~ons [B-lIJ, (B-2), tB-4], and [B-SI rise to additional curvature of the curve in
Figure 8 at a value of z' in the vicinity of

we obtain the hull.

(d )o -
1

(d 7 *dll) 4d-7] The quantities 
7
h' 2'T' and Z' are

"measured from the plots ot Figu Les I and 9;

T and z'B are the distances from the point

(d a) - (d+d) [8-8] of attachment of the rudder stock to rudder
va 10-12 2 1012 (usually, although not always, at the top of
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the rudder) to the point of attachment of of the control zurface due to the motion of
stock to hull in torsion and bending, respec- the hull may be determined.
tively. The measured values of 7 b will be
used in subsequent calculations. (d 3

When 7y is plotted against z', it is Then a h Lp14 B-13]

e:ýpected that a point will be reached at which
the curve is vertical. The value of 7 at this
point will be called 7 . The quantity I., is (d1 6 -d15 )
the distance along z' z rom the point on ' and a. [5-14]
where 17 7 b to the center of mass of the 0

rudder. It is computed by measuring z' from
z' = 0 to z' at 7 = 7h and adding the quantity This value of a determines the slope of
b (see Figures 8 and 9) to this result, i.e., the linear part of tRe curve in Figure 8.
IT = 'IT *- b. Hence, the displacement of the center of mass

of the control surface due to the coupled
In the plot of dv a versus z', note that torsion-horizontal-bending motions of the hull

the point where the cuve dv versus z' is given by (see Figure 10);
becomes linear is the pointvf attachment of
the rudder stock to the hull in bending. The
value of d a at this point, which is obtained dR-H = d 1 3 + LH ab - h~ b
by extrapoYlation (or interpolation), will be
called (d a R-H* The linear portion of the Substituting Equation [B-131 into the
curve makes an angle a with the vertical (see above expression, Equation [B-15] my be
Figure 8); ab will be determined below. The above as
value of.1 is the distance along z' from the written as
point on z' where dv a- (dv a) to the
cenLer of mass of the rudder: It is computed dd -d)-h
by measuring z' from z' = 0 to Z' at dva= d - d13 p 13 4 b
(dva)R.H and adding the quantity b (see
Figures 7 and 8) to this result, i.e.,

=z'B + b. = (I + • d 1 3 - L dl 4 -h,

The hull angle of torsion, represented by L P /

ab, may be determined by the following method
(see Figures 2 and 10). or dR.H = K9 d 1 3 -K1 0 d 1 4 -h'b [B-16]

The ship is instrumented with two accelero-
meters (Gages 13 and 14) to moasure the
athwartship motions of the section of the hull where K- I + - = I + K constant
in line with the rudder stock and two accelero- 9 L K10
meters (Gages 15 and 16) to measure the verti-
'al motions of the hull in the transverse L
plane which contains the ruoder otock. In KI0 = - cciustant
Fijure 10 let, 10

Lp . vertical distance between Gage Locations Also, by using Equation (B-14],
13 and 14 ,

LH = vertical distance between Gage Location (d 1 6 -d15 )
13 and the center of mass of the rudder, dR.H = d 1 3 + LH yP hTb

yp = horizontal distance between Gage Locations
15 And 16, and

or dR.H ' d13 + K11(dl6 -dl15 -hyb (B-171
d 1 3 , d 14 , d1 5 , d 16 ý displacement of the hull

at Gage Locations 13, 14,
- 15, and 16, respectively. L

who'"e K H . constant
The solid line in Figure 10 represents 11 yp

the undisturbed posltion of the ship and the
dotted line represents the horizontal torsion- In determining the motion of the rudder
befiding motions of the ship after impact on relative to the hull in the y-direction when a
the control surface, assuming the contrnl sur- flexible stock is considered, the displacement
late-stock system remains completely rigid of the hull must be accounted for because the
with respect to the hull, so that the motion displacement on the hull is included in the
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the rudder motions measured by the gageb on
the rudder. Referring to Figu:e 10, we •,y
define the motion of rudder relative to the
hull at the Nth gage position by

-- -Cdl 3 + !.ab -x14b) (3--8J

where d• is the motion of the Mth gage which
includes the contribution of the hull motions
as veil as the effects of rudder stock flexi-
bility and where " is the vertical diazance
bptween the MNt gage and Gage 13 a&d xM is the
horizontal distance between the NM gage and
the rudder stock (Nc is positive when the Nth
gage is aft of the stock and negative if for-
ward of the stock).* If the contribution of
the term xM1 

7 b is negligible, the following
expression may be used:

= (d 1Cd3 + LI [3b (-19]

W When the Nth gage i.L at the center of mass, the term in parenthesis in Equation (B-18] reduces
the right hand side ot Equation (B-151.

102



APPENDIX C

DETERNINATION OF LOGARITHMIC DECREMENTS

In determining the motion of the center [a'ablt--t8  [C-3]
of mass of the rudder relative to the hull in 6a; q -l
the y-direction, the displacemert of the hull q a = t.t0 + q,-
must be accounted for (in addition to the
displaceernt of the center of %ass associated and the logarithmic decrement of the v motion
with the elasticities of the flexible stock) of the rudder relative to the hull by
because it is included in the rudder motions
measured by the aages on the rudder. Thus, tv - dRI
rudder motion relative to the hull motion in l oe (v d 0 [C-4]
the y degree of freedom is V;, logHtt +'v-dO

v - dRH - v-(d1 3 + LHab).* In terms of displacement, these Equations [C-2].
[C-2], and (C-4] respectively become Equations

Thia is equivalent to the motion of the center [10], [113, and [12] of Table I.
of mass of the rudder attached through a
flexible stock to a rigid hull. Similarly, the decrement of the relative

motion of the kth location on the rudder is
The values for 'yb, a ,, and d must be given by (see Equation [13] of Table 1)

subtracted from the recorked yj ;Hand v
motions of the rudder to obtain the true dM- d
rudder relative to hull motion. ilog1 f. (

The logarithmic damping decrement for a ?4(modal)R e(EdN'(dl 3 +LWb%-xl7b)] t=t 0 +qj

motion A (t) is

(c-5]

Slog At-] In these equations, dw is the recorded dis-
A q e A L+ qr -] placement of the rudder at the Mth position and

h LA it the vertical distance of the Mth position
wher At the alu of attimet~tto the gage where the displacement d13 'awee A=the value of A at time titmesed

t measured0
0

For some applications, the term XMHb may
At = the value of A at time t=t 0 +q be negligible. In the present application to

0 ALBACORE and SAMPSON, the terms dl3+LMa%-xxMb

were not considered (see Results) so that
where r is the period of oscillation and q is Equation (C-5] reduces to Equation (7] of
an integer equal to the total number of periods Table 1.
of oscillation of A betwee" the measured
amplitudes (see Figure 11). Similar relation- Theoretically 6,, =6 =

ships hold for the n,otions y(t), a(t), and I R aR modal*

v(t). The analysis of the record should verify this
assert ion.

We cefine the logarithmic decrement of
the 7 motion of th. rudder relative to the
hull by

olog - Y b' t- [c-2]
11R. q e 7 '"b]tft + q,-

the logarithmic decrement of the a motion of
the rudder relative to the hull by

* In Equation [B-I8], dNev, LgoLH, and the term xM7b has been neglected for the present application.
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APPENDIX D

DERIVATION OF EQUATtOIOS FOR PARAMETERS C AND c

Derivation of Equations [14] and [15] of The exponent A, the frequency w, and the
Table I are presented in this Appendix. constants a a etc., can all be determined

from recordl. Roreover,
Consider Equation [62a] of Reference 1.

At zero ship speed, this is (see Notation):
v bvl(A sinwt + coswt)e t

M•= -12k 5 [v-vb + h-7-b (-•2 A(a+ ab)] -Ci: .v ( 2 . 2  si p, ow• ~

M -12k 8 ~ h7-b-1(a +a d J[a( "A2) -2a 2 AW]sin wt
Cu

V+[a2(o 2 - 2 ) + 2a I w Cos t eAt

Suppose the motion in each degree of
freedom is a damped sinusoid. Then* {[_1 (2w2)" 22 ]sint

V v1 eAt sinwt

a = et(aI sinwt + a2 Cos wt) 2 1

7 - e At ('yI sin co + -Y2 cos wt) 7 = AL -Y?2 o)sin ot + (1e+ •'21) cos wt] ePt

vb e t t(vbl sin ot + Vb2 cos wot) 7 b [('YblP"-b2to)sinwt +(-f blw+?)b)cos wt] A'

ab= e/t (a b sinwt + ab2 cos wt) Substituting the appropriate variable V,
I, v, Vb, "7, a, ab in the equation for C, we

7b = eyt(Tbl sin wt + lb2 cos wt) find at-tlme

t=--; n=O, 1, 2....

where a,, a 2 , 11' 72 Vb2' abl' ab 2 ' 7 b1'

12ks
7b are constants, C= -2M p+ 12k [vb -hi+ba2A(a 44 2)

* It may be desirable in future calLlations or measurements to express these equatioIs in the
following al ternative forms:

Sv eAt iW V I v Lan-l(a 12)

a =.Ae~tsin~~t+• 1 ) A al2 +a 2
2  1 (L)

2 tan'

7- s~i. 2 - r -Y71 + 72 tn ( )
Vb Vbe sin(.A+' 3  , Vb Vbl +Vb2 bb

etc. t-c. etc.
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Similarly from EquJation (62b] of Reference 1
(see Notation)

T j- Iz FL- -12kahb(v-vb )+6kch(l+ 2b)a

2- + 2k h y +6k 6hl%+ 23e 7b-c(i b

or

c[ 1,Q I 7z+Ixai -12kbh (v-vb) +6kb (1+2b)a

7- l2k 5 hj -+6kshl%+ 7j 'b

Substituting the appropriate variables 7,
G, v, Vbp a, 7, ab, 7b in the equation for
c, we find at time

2niTt - ;n = 0, 1, 2 . . . .

+ I .,[ -,u 2 + 2a, pw]

In these equations, 6 C c
e c

(see Reference 3) where I is the logarithmic
decrement of the waveform, A is the real part
of A indicating the degree of damping and (i
is the imaginary part of X which is the
circular frequency of vibration. Here C and
c. are critical damping conotants for the
translational and rotational degrees of free-
dom, respectively. It should be clear that

6, w, (and henceP) are directly obtainable
from the waveforms for a particular mode of
vibration as are the constants vb2, 72, a2,
etc. rhus, C and c are determined from
measured and calculated data.
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APPENDIX E

DETERMINATION OF VIRTUAL MASS AND MASS MOMENTS
OF INERTIA

"Methods for determining the virtyal mass or
and virtual mass moments of inertia are given -1/2 -1/2
in this Appendix. fvaCma , ffa CC(I aE-4]

In order to obtain "ball park" values for
the frequencies of the rudder by means of a where f is the frequency associated with
simple computation, let us assume first that translaYinal motion (only) in air and f is
we are treating a two degree-of-freedom system, the frequency associated with 7 rotation

consisting of v- and 7 - motions, i.e.,a- the f n associar ty

motions are neglected. With this approach, (only) in air. Similarly

two types of calculations can be made. The -1/2 -1/2
simpler type of calculation treats the system f CCU f Q(I )
as uncoupled, whereas the second type which v,w y 7,w , w
involves a bit more computation, treats the
system as a coupled one.9*

Equations developed for determining the fvja
frequencies associated with uncoupled motions va
in two degrees of freedom, v-translation and vw
7 - rotation, are given in Reference 9, page

321. The frequencies associated with uncoupled But m 0 m + M
motions are inversely proportional to the mass y a vir

and mass moments of inertia, respectively. f2 is +
The equations for the frequencies associated ir
with uncoupled y- and 7 motions are Therefore 2 1 + L

V ,W

fE1 and f P G (E-11
X 2: Hence 2

which mvy be written as mW ir' mi fE-61
"-1/2 "1/2 [ vtI

f em and fICCI [9-21
This is Equition 116) of Table 1. An alterna-
tive method for computing . bose-d on

where, in general (i.e., for any medium), *v Reference 15 is given by Eqiklion (19) of
is the frequency of the translational motion Table 1. Similarly, since
and f 7 is the frequency oF the rotational
motion, m y is the total maset of the rudder, (T )w * (1 )& + (I )er
I is the mass moment of inertia of the rudder
aIOut the rudder stock axts, and I is the
polar moment of inert!a of the rudger stock. cen55ter that *I eand is lee close to thecenter of mass of thu rudder in water (other-

In sir wise use the parallel axis theorem to transfer
all Moments to -this latter center of mwe&

SF-0 see footnote next page)

For example, the ;,Anarical values for the perameterb of thr "barn door" type rudder of Reference
9 indicate that the meximum difference in the corresponding frequenctes obtained from the use
of these two types is not likely to exceed 35 percent for one of the modes and 20 percent for
the other made,

I' Zna fluid msdium, this includts the virtual mass of the fluid as well &a the structiral eas;
similarly for I.
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Then, making the same assumption as for (Iz W, of Theory and Experiment for Marine Control-

Surface Flutter," David Taylor Model Basin
Report 1567 (Aug 1962).

x) w x)a + (Ix)vir (E-8) 4. Leibowitz, R.C., "USS ALBACORE (AGSS 569)
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Ships," David Taylor Model Basin Report
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of the coupled (v,T) motions are given on "Theoretical and Experimental Determination
pages 321 and 322 of Reference 9. The coordi- of Damping Constants of One-to-Three Dimen-
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respectively, in Reference 9. Model Basin Report 1770 (Jun 1964).
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tion, the frequencies that were used in Rudder Vibration Tests," Robert Toggartlnc.
calculating %ivr, (ts) ir' and (1 x~vir are the Technical Report prepared under contract

i not ones assocated with A NObs 86122 (4 Jan 1963).
couple motions rather than the frequencies S. Ncgoldrick, R.T., "Ship Vibration," David
corresponding to the uncoupled motions. Thus •Taylor Model Basin Rapt 1451 (Dec 1960).
since we cannot really discriminate between L
fat and to in these calculations (if moasure3 9. Sunyon, T.W.. "A Study of the Cause of Some
frequencies are used), Equattons (9-6), EE-71, Rudder Failures," Northeast Coast tnstitu-
and (B-91 my lead to poor or questionable tion of Engineers and Shipbuilders. Vol. 68,
results. Calculation showed that use of Part I (May/Jun 1952).
Equation (1-6) for ALSACORE leads to satis-
factory results whereas use of Equations (9-7) 10. Ayling, P.dt. and Taylor, K.V., '"Measure-

9) doenealternative foru- sents of Strain and Vibration on the Ruddernd -)do not. Hence, and Sternframe of a Singlle-screw Dry-cargo
lstions for a(I ( &PA vi) bGeed on ship of 13.000 slp. part I," The British
Reference 15 are livan by Equsfions (20) and Ship ofs13,00 AsP, ciat " eport
(21), respectively, of Table 1. In Equations Report
(201 and (2l), note that the first terms in the 315 (1962),
right mmer* atre virtual mass moments of It, Hatet, R.. "Soam Aspects of Ground and
inertia of the rudder about a a- and a x-axis, Fright Vtbratito Tests," AGAI) Report
respectively, through the center of mass; i.e., 40-T,(Apr 1956).
geometrical center of the ellipsoidal votlume of 12. Anderson, J.t. and Comley, W.. "Transirnt
water which approximates the volume of the Resons Jae. and a UnTiluo•rudder (see Reference 4, paese Il and 12). The Response Data Reductionand a Untrue

a n dr 4. tanesfer. Ta transient Wave Aoinlyser," Proceedings '1f
terms r an * transfer these m nts the AIME Conference. Santa Monica,
to x- and y-aas throafh the tonter of mss of a
the entire ru4der-fluid system; r and a are the ifornia (May 23-25, 10).
distances between these x- and y-axes,
respectively.

mis to.iow tram comparisons witi the results of Equations 19l1, (201, and (211 of Table 1,
respective~y. In this case, f, probably closely corresponds to the prdominant frqoency
whereas f., , (4 do not. Mence, white the Equatioas [*-7) and it-91 my b SOUnd, the data
Inserted in them are of doubtful validity. In perforuio these calculationp, all moments
were transferred by means of the parallel axis theorem to saes with origin at the center of
ases of the entire tudder-fluid system.
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13. Wolfe, M. 0. W. and Kirkby, W.T., "Several (I x),(I )a Moment of inertia of the rudder
Techniques for Flight Flutter Testing," about the x- and x-axes respec-
Part I AGARDograph 56 (Sep 1960). tively with origin at the center

14. Stringham, R. H., Jr., "A Method for of mass of the rudder in air

Measuring Vibration Modes of a Transiently (Ix~ ,(zvir Virtual mass moment of inertia
Heated Structure," SAE-ASNE National Aero- x vir a of rudder about x- and a-axes
nautical Meeting, Wash., D.C. (8 Apr 1963). respectively with origin at

15. Wendel, K., "ilydrodynamic Masses and Hydro- the center of mass of the
dynamic Moments of Inertia," "(Hydro- rudder in water (see Equations
dynamische Masten and Hydrodynamische [21] and (20] respectively of
Massen-tragheitsmomente)," Jahrb. d. ST;, Table I and Discussion at end
Vol. 44 (1950). THE Translation 260 of Appendix E).
(Jul 1956).

1 I Product of inertia corresponding to
NOTATION Ix x Iy I

A Amplitude of rotational motion a of the J Polar moment of inertia of cross
rudder about the x-axis e section of rudder stock about a per-

Ab Amplitude of rotational motion of the pendicular axis through the centroid
hull about the x-axis at the point of
attachment of rudder stock to hull(point K Geometrical constantsof the rudder
of attachment here is associated with (see Appendixes A and 3)
bending of rudder stock)

b a-coordinate of effective poi,%t of attach-
ment of r11dder to rudder stock k Defined as k.I-fv- IA where

C Dampitig constant associated with the ( --K_2
motion of the rudder in thc transverse KAG is the shear rigidity of the rudder
(y-) direction stock

C Critical damping constant for trans-
lationml degree of freedom LH-LL Distances between gages on rudder hull

c Damping constant associated with the motion system (see Appendix 5)

of the rudder about the vertical (&-)axis LM Vertical distance between the Mth 2440

c Critical damptng constant for rotational and Gage 13
c degree of freedom

d Displacement of the rudder at the it h I'Mir Lve length of rudder stock from
locmieti on the rudder or stock €c .r of gravity of rudder to the

points of attachment of rudder stock

dR.- Displacement of center o.f moss of the to hull in bonding and torsion,
rudder due to the coupled torsion- respVctively
horLaontal-bending motions of the hull

(d vG)II Coupled (va) motion of the rudder me Mass of the rudder intranslattion to sir
a long the vert• osuetrs

va aogt h vrtical s'-sa.x through Virtua maesa of the rudder in traftf-
the center of the ruddor stock vir latisn

E Youing's modulus of elasticity
f 1 ,f f.Y#f *t . froquon- my Total wos* of the rudder in tranolation

v fv,ab v,wa ,f,,a,& ,w including virtual moss

cias (defined in Appendix ) q integer

C Shear modulus of elasticity S Forwrd sieed of ship

S Acceleration of gravity

h X-coordinate at er(ecttvv center of t Time
attachment of rudder to ruiddr stock V Amplitude of translatio.d i•utn (Cv)

I Area, 0nme t of inertit of cross section of the rudder iLu y!-dtrction
of rudder stock relative to a diameter
through the centroid V Amplitude of translational motion of

I Pthe hull is the y-directiot at tCh
Polar mnt of inertia of rudder stock point of attachment of redder stock to
p about a-aas hull (point of attachment here ts

I Moment of inertia of combtned rudder and associated with bemdifg of rudder stock)S Virtual mass about t • X-axis vtth •tisich

at t•h effoctivy center ea mass of the
rudder in uater
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v Small translation of effective center )• Complex circular frequency of
of mass of the rudder in the vibration of ith mode
y-direc t ion

v Corresponding translation at the Ai Real part of Ai indicating the degree
b point of attachment of rudder stock of damping

to hull p Density of seawater

x,y,s Right-handed rectangular coordinates
with x-axis always parallel to the r Period of oscillation
ship axis; the origin is always at Phase angles defined in Appendix D
the effective center of mass of the
rudder and the z-axis is vertical
and positive upwArd W i Imaginary part of i indicating

circular frequency Sf oscillation
x',y',zt As above, but with origin at the

point of attachment of rudder to
rudder stock

"x, a, mean chord, height, and thickness of
rudder, respectively

y Horizontal distance (in y-direction)
between Gages 15 and 16

Za1 a1 coordinate of point of attachment
of stock to hull in bending

atT sat coordinate of point of attachment
of stock to hull in torsion

a Small rotation of the rudder about
x-amis

ab Small rotation of the hull at the

point of attachment of rudder stock

to hull about the x-axis (point of
attachment heals associated with
bonding of rudder stock)

Amplitude of-rotatiomal motion 7 of
the rudder about the s-axte

rb Amplitode of rotational notion of the
hull about the a-axis ot tho point of
attachment of rudder stock to hull
(point of attachment here ts
assortated Uith torsion of rudder
stock)

Small rotattoot of the rudder about
a-axis

Sb Small rotation of the hull at the
point at attachment of rudder stock
to hull aboot the a-sals (point of
attachment here is associated with
torsion of rudder stock)

SSmeasured values of logarithmic
dec reent

&?., As 4 Logarithmic decremonts uduich are
detined tr Table l

7 i 6£st &Vla

6lmods)l (mo l)
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Table 1
*

Summary of Equations of Motion and Parameters Associated with Control Surfaces

NUMBER EQUATION ASSOCIATED DEFINITION AND REMARKS SOURCE
CONSTANTS

Ia K (d do)" K Total rotational motion of the Appendix A
It N drudder about the a-ais.

a Total rotational motion of the Appendix A
/t) K2 (d4 -d2 ) KZ --• r,"•-: about the x-axi•.

a aTotal translalional motion of Appendix A3a v(t) •K 3 ( 2 +K4 d6 ) K3  +- the rudder aloag the y-axis.

K "-I
4 z1

(d4 K d K xz Total translational motton of Appendix A3b A~t) a K5d4÷6} KS 7 x-* the rudder along the y-axis.

4(d4 dtaKto I K6

q (4 81tt qrLogarithmic deerom~ot of Appendixtt0 _, - q a integer (t) motton.

V a period of
oecillatiet.

S 0601loe f Logarithmic decremeat oApedxC
4 a 1.1taq-4 (t) motion..

vft 4 ottot0

L~d4 6"d1 )., ]

66 v og (426 4d 6I)totq J Logarthmic def ~toMnt of Appvndix C
9 V(ti motion.

4d 6v l to 4 d ) Logar.OirIth~mic decrement of Appendix C

the t oV recorded tho,,ot &It
0theM Wwn. .• Mw,:td Mlll otlar

.4 .(d|" d "d1 4 • : T Conribution of dw !40) mutton Appentdix B
- 40 9 -S oi he hutl to the total rotorded

W rete, I motion of the control Ourface.

lb 0 ( 14 "iL.,s Contribution ot the VO) motion Aieo, n Is
Ybeof the kull to the total retorded

motion oG the catitol svtlfs.

S dit-RIO t dl3.4 %1A 4"tiett 111 Oaiplae,.meat oW vner of ,aco Appmeeda 8
60ef ted t of the rudder dAe to the Coepid4•*~L 5 tootI oam o+bert 8 altbem~ldil
-d ttC 1, monoeno o4 &te hoill. The eove

4ritbet of ybl (U to ad-" (e0

the present a1tictatio , 11. boem
oAslctee Sc8 rqauee (5.191
aed f(feeo to Appoita 8 C. the
m~ore 6go1 *erat60 oioos o ivcei
by FqUa ios [l.Isl.
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Table 1 (Cont'd)

! NUMBER EQUATION ASSOCIATED DEFINITION AND REMARKS SOURCE
CONSTANTS

(['c1 (d ~d,,)"b] 1
10 l - d8) 0 Logarithmic decrement of the Appendix C8YR q-o tKd Yd)~b] tot +qr rotational motion of the rudder

0 q •relative to the hil, about the
axis. V computed in

b
accordancoe with the procedure

([K2(d 6 -d2 )'. o " of Appendix B.

1 1 6v lo Logarithmic decrementi of the' Appendix C
R q lN'd I 26 -dz). )- ,to0sqT rotational motion of the rudder

relative to the hutl about the
A-anxi. % computed in
accordance with the procedure
of Appendix B.

Iza 8 *dZ-~d1 dltAN]- Logarithmic decrement of the Appendix C
a R q K [ 3(Z' 4i+K l' t4)+qvJ translational motion of the

rudder relative to the hull
along the y-axis.

12b Ilg [ d+ %-R " Logarithmic decrement of the Appendix C
Rq o fK 5(d4+K 6 d 81-.d]T I q translational motion of the-H tttoq ruder relative to the hull

along the y-aide.

13 6 l-1o- J 0 1t Conetants L . Logarithmic decrement of te Apelxediet BM(modal) q 4 e rd -Id .L+ -lVAV +) ? M relative displacement beXween &ad Ct LM 13 Mbi lbJ tXtoqJ xM .defined in rudder and hull at the M

Appeediae a location. Note that the term

SC. XMb wase considered neglili-

ble in the present application.

I2k
14 C a-1m3 v -by #b - ( +CL All constants Damping constant associated Appendix D

C "+ va....- a Z are defined in with the motion of the rudder

Appendix B or along the y-direction.
in Notation.

Is C. ' IP ai F,(.)s IS All conelants Damping conetant associated Appendix D
[ z are defined in with the motion of the rudder

Appendix B or about the -$-ais-
., i in Notation.

+1 L . ) I m IT

-2.~h VW.hVz~ba+A(.CzubZ) ITvZ VbZ)]}

16 C * -2my,- 2myf6 f - eI/Zn Approximated form of Equation Appendix D
-v - [1 (14 ]where it ls assumed that

Dlscussion).

c (. t 8 .l 16 . Approximated form of Equation Appendix D
e. 2zl CS where it is assumed that

".72 L eIe T bZ e hbil"0
(see Discussion).
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Table I (Cont'd)

NUMBER EQUATION ASSOCIATED DEFINITION AND REMARKS SOURCE
________ ____________________________ CONTANTS ____________

M8 v ma i.4 Virtual mass of rudder in trans- Appendix E

I.xv. w lation. All terms defined in
Appendix E.

z

19 m gt f 32. 17 ft/sec Virtual Mass Of rudder in trans- Ref. 15, Ref.4.vir g\3 lation. Raf. S(43)

p . 64. IS lb/ft

x - mean chord
of rudder

a - mean vertical
height of rudder2 2 Z.

,,+rm .man width of Virtual mass moment of inertia Rof. IS. R.f.4
59 \ lzr rudder in y-dir- of rudder about a-axis with (Table 4).

0ction; r definned origin as the center of mass of Appendix E
in Appendix E. the rudder in water.

z I 1 x+ s m a defined in Virtual mass momenet of inertia Ref. IS. Ref. 4
aXv 20 1 zi vir Appendix E. of rudder about a-axis with (Table 4),

riain at the center of mass of Appendix E
the rudder in water.

0 Values for parametere t and L. . the effective lengths of stock for bending and torsion, respectively, are computed by extrapolation
T

or Interpolation methods given an Appendix B.

** dL-di(t)

SConstants x sand a are defined in rigure I.
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Table 2

Test Results for ALBAOKE and SAMPSON

USS ALBACORE (ACM3 549)

I. RUDDER (a)

MEASURED FrREQUENC=E (cpm.)

In~ Air In Water

*0. 113. 0 (predom~inant)

44. S (predominant) 45

113 $0

67

LOcAipTHMIC OECCREMENT3

ta Air (4*4 S eps) In WaterI I-0 Qpa)

EQUATION DER"'o VAz.LUC PERCENT DFV!ATION VLU PERCENT OVVTjkTlOW
NUMB91" Rmm AYERACE FROM AVERAGE

4 0ý 0514 -11.4 0 95 -0.6

S ~ 4 0.0671 -*0 0).1.

7 0.01*) a14. S 0.11.17 '41-

AVERAGE 0.00 I * 6 al.
*9" Table I **5,9 Nojatiom

16C 0, 110 t"W. C It C t I. W4* tao-#*14c f

I?( 1c ft t..-* ~)4ttaomi..e

_______ UA7RTIT? SOURCt Q-UAmTTY WR

I"a0.*t too..ec it; A*(*#***4. on,,*0. tI I t.Yv..%Jf s ~ ac aJ4Aiovt 4. Tablet

T~T i~IWT'~7 t ~ ~ RItar.. blS

DAA* -'Z*14 %set Tabte I* *+ Z-a I).a etc' Ioa zet

________ _____________ Dal&_ _ _ __ ~ t

Tow#75 Ial b 4 * 0..114 W l
6,qQ Table lb 9r*00MTable Ik

*Sao tam*. 1 #13,. Mw4&ti~ef

1 13



lable 2 (Conted)

(d)

VIRTUAL INERTIAS

EQUAIC4 QUATIT AVEAGE PERCENT DEVIATION
NQUMBER*UATTYAERG FROM AVERAGE

Is, 19 Avir 0 .2.240 ton.4. 2/ft 00i-~273$ tofl'.,4e/ft 0.2466 to

2.0 (I dvi 0. 308 ft-to-sc 
2

21 (1 ),ir .7 ft-too-o"

QUANTITY SOURCE

DATA** x - 6. Z.064It #4 64. 15 lb/ft3

-I.I.-1So ft 9 3z.. 17 itlbc Ruference 4, Tabe 4

a 10. 467 It rm er
vit Yli*

*So* Tsbit 1 09340 Notation

I. STERN PLA'It it) ____________________

M.EASURED FREQUENCIC5 Opep) -IN A61R OKL"'

0 a I'M 0.

ARAE 0. 6#4? *it 1 9. 011 i1 '44

immd v &andu Owe x &%d r-~ami" &%A alo"~ 00 *-&*A*, ttapetiveir.
*'jair itletim Pltee rene&titofa 04*" pltfte &tIt ttcb* to Lse hlit aaw to a Its"t pw-ae.
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Table 2 (Cont'd)

USS SAMPSON (DDG- 1O)

1. RUDDER (g)

MEAbLTRED FREQUENCIES (cps) - IN WATER ONLY

2. 18 (predominant)

4.36

7.6

9.0

(h)

LOGARITHMIC DECREMENT (2. 18 cps)

PERCENT DEVIATION
DEZREMENT" VALUE FRCM AVERAGE

6 0.022z5 -44.8
•'-•odaI -

0. 05L. +44.8

AVERAGE 0.0402 *44.8

.'See iable 1, Equation [71

(i) (j)

DAMPING CONSTANT / VIRTUAL MASS

NU\4BER* IN WATSR (2. 18 cps) NUMBAR<, QUANTITY

16 C 0. 1479 ton-sec/ft 19 J m , 0.6467 toii-sec
2 /ft

my . 0,8420 ton.sec4/ft -. _ _ QUANTIrY SOURCE ,

D.A..TA ' x 2. 18 sec I a 9, 9778 ft

6 0,040 DAT* 9.25 ft 3  
Ship Plant

V 0402 DAA -64. 5 b/ft

<' See "Able 1 32, 17 ft/soca

': a'• + t rl& rl .; m& 0, 1,953 W... calculAted

from ship plans and m%,Ir calculamed from data Sa oe Table I

in Table 2j. Also 6v is approxin,:ted by the 'Se. No*atlol

value of 6 _d__i'
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4 LOOKING AFT

I riFLXIBLE STIOCK

T ,,T 4 1,1dld

d If v

_d. itOr,

i;;0 LH, STOCK
ONETROL I [

SWIACE
________- £C.M. RUDDER RUDDER

Figure 1. Location of Gages and Identification Figure 2. Gage Locations and Orientations

of Displacements of RudderoStockoHull for Determining Hill Motions.
System.

STATHOM 26 PEC )30

ACCELERO. CARRIER DC TAPEDC PAYCK SI.L _

METER AMPLIFIER t 14 ANNEL AMPI IFIER GRAPIH

ACCELERATION ACCELERATION
AMPLITUDE

MEASURED ON
OSCILLOGRAM

Figure 3a - Recording System for Rudder VibraLion Trials of ALBACORE

'Er SANBORN SANBOlRN
PR )300 SELECTED 07 30IBDC MODELsO.1300

PE SCK r MPLFIR f-- STRIP A IOAA "RON-HIE --- RECORDER I

MODEL330A 2CIANNEL FILTERED

"- SA-. PASS " Si GNAL[ NLTER [AMPLIFI. RI F i.'"" L_ .. J
S ANNORN

017 3-• bC

NOTE: INPUT TO TAPE DECK IS SAME AS THAT FOR ALBACORE

Figure 3b - Data Analysis for Rudder Vibration 'irials of SAMPSON

Figure 3. Rccording and Analysia Syst•ms.
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SCALE OF TRANSVERSE ACCELER~ATION
(RELATIVE TO BAGE MO. 2)

-RECORD No.SI(POS. 0) +
RECORD NO. 9 (POS. A) UPPER

B1 AS no.NERG

AMPLIFIE 1 TILLER
ACCELERA 1" 601

LOWER

W1PLIFIE 1AS I 3
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Figure 7a. Location of Gages Used to
Record Rudder Stock Motions.

NOTE: (I'IS DISPLACED FROM TOP OF STOCK IN THIS
ýz z FIGURE TO INDICATE RUDDER-RUDDER

ATTACHMENT IS NECESSARILY AT TOP
V ~' OF RUDDER

FOR TORSION, RUDDER
I IS ASSUMED FIXED

ALONG THIS LINE

~2K~~/ ~FOR $ENDING. RUDDER
IS ASSUMED FIXED

STC LOGTI LINE

a

@01 G

@ EFFECTIVE POINT OF ATTACH4MENT OF RUDDER
h ~TO RUDDER STOCK AT 0'- (h. o. b)

RUDDER @ CALCULATED LOCATION OF CENTER OF MASS

Figure 7b. Rudder Axes

Figure 7. Rudder Coordinates and Locations of Gages.

VERICA LIEI EXTRAPOLATED OR4 INTERPOI.&TED) POINT1 OF

alI ATTACHMENT fOR CAIORINAL FLIXIIILITT

INTERPOLATED (OR EXTRAPOLATEDI POINT Of ,.IATTACHMENT FOR BINDING FLEXIBILITY ~Gt

(E,0I1012 ~~A POINT OF AFONO ATTACNMART
AITACHMINT OF RUDDER TO IOf RuoffR 0 to0TCKR ~AT
RUDDER STOCK jALL POINTS Of RUODER

C.M RUDDERC.M. PUgoofR

eigure 9. Curve for Dleterminatiton of
Figurv 8. Curve for Determination of Effective Effective Liength of Stock for

Length of Stock for Bending Motion. Rotational Motion (Torsion).
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a/

"•' •e "•'O FINAL OSITION

ORIGINAL POSITION/ ~ OF DECK

LOCATION OF SHIP /AND RUDDER % ýjAFTEN IMIPACT LOCATION OF SHIP
AT A AND RUDDED•t

SEFORE IMPACT

II -

oFOATORUAR F .. •/[ ROM yTO |

LOCATION OF CM.M

OF RUDDER LOCATION OF cm.M
AFTER IMPACT . OF RUDDER

BEFORE IMPACT

41,*L"abdpt-H

NOTE I: THE FIOURE DOES NOT SNOW THE YDEPINOENCY
SEE ECSUATIONSISISI(-IS-O.1S)j

NOTE 2: LM >ONK "Lm

Figure 10. Motion of Hull and Rudder, with No Relative Motion
Between Rudder and Hull.

A

At

Figure 1t. Sinusoidal Wove Form Showing necay due to Visc•ous Dapinpt.
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DAMPING OF A CIRCULAR RING SEGMENT BY A CONSTRAINED VISCOELASTIC LAYER

Cpt. C. R. Almy
U.S. Army Electronics Command

Ft. Monmouth, New Jersey

and

F. C. Nelson
Department of Mechanical Engineering

Tufts University, Medford, Mass.

An analytical study has been made of the variation of the composite loss
factor with opening angle and shear stiffness of the viscoelastic layer
for a constrained viscoelastic layer on a circular ring segment. There
is evidence that optimum damping of a curved beam requires a stiffer
viscoelastic layer than the corresponding straight beam.

Constrained viscoelastic layers are effec- U1 a peak flexural energy of curved main
tive in augmenting the damping of beams and beam
plates and many investigators have developed a peak extensional energy of curved
means of predicting the extent of the damping 2 m bea m
augmentation in these structures. Considerably main beam
less work is available on predicting the damping U3 - peak shear energy of viscoelastic
augmentation due to a constrained viscoelastic layer
layer on a curved structure. This paper reports
results of an analytical study of the damping in- U4 m peak flexural energy of constraining
duced in a circular ring segment by a constrained layer
viscoelastic layer and how this damping varies US 0 peak extensional energy of
with the shear stiffness of the viscoelastic layer constraining layer
and the ring opening angle. B shear loss factor of viscoelastic

The geometry of interest and the notation material
used are shown in Figure 1. As indicated in the
figure, the ring segment ends are simply sup-

.jorted at the centroid of the main elastic beam
and, in addition, restrained against tangential
motion at that point. WaSCoLAI?&

The in-plane vibration at the fundamental,
symmetric natural frequency and its correspond- CrXAf.w. -
Ing comnposiO?. loss factor have bef-n calculated &rsa
undpr the following assumptions.

(1) The system is lightly enough i I
damped to permit the frequency"
to be computed via the Rayleigh-
Ritz procedure and the composito
loss factor by

U1 I + U24U3 + U 4 + U 5  t5

where rig. I. Geometry of Thin. Uniform Circular Ring

Segment with Constrained Viscoelastic l.ayer

PreCeding pale blank



In equation (1) it is assumed that the viscoelastic layer, to give W' in terms of
all the energy dissipated Is dis- v 1 , v 2 , v 3 arn w . For the special case of a

sipated in the viscoelastic layer flat composite beam, i.e., R1 , R2 , R3 -

and, further, that it is dissipated the expression for te reduces to the standard one,

by simple shear. This latter as- for exrme ." that of reference [ o n.

sumption is equivalent to assuming

that the viscoelastic material Is The approp.iate peak strain energy ex-
soft enough to Justify ignoring the pressions are

effects of direct stress. If direct EI I 2 I dv1 2

stress effects are ignored, the U1 =r-,.- + d8 (4L
shear deformation will be uniform 0 do

through the thickness of the visco-
elastic layer. E.AI A dv1 2

(2) Deformation in the radial direction U2 2R [w - I I dO (5)

is neglected so that at a given 1 0
cross section

wawI a w 2  w 3  G 2 A2 R2 2 d ( 2

(3) There is no shear deformation in 3

the elastic layers. Rotary inertia

is neglected In all layers. As such, E d2 w+ dv 3 2

the elastic members behave as U4 3- + u [ - do (7)
curved Bernoulli-Euler beams; how- 4 2R3 d e2

ever, the extensional bending 3  0
theory of such beams is used. This 2

point is important because it can EA 3  I dv3
be shown by comparison that using U5I[-- [w - t-] do (8)
the simpler, but more restrictive, 3 0 do

inextensional bending theory results

in a significant reduction in the
shear energy of the viscoelastic
layer.

(4) There is no tangential slip between
the layers. , '

The implications of these assumptions are em-
bodied in Figure 2. From this figure, it is clear
that there must be compatibility relations among
the v's and the 4's. Using the fi'nre. we
can write these relations as V1

v - v2  + hl4l + h (2) ]

and
V 3 a V I + ht 2 h 331 + 2h 2 0 2 h 3, t3

where from the extensional theory of curved L•
beams

v, + I1d

R R1  red

wI w "

2 R 2R 2do
* "* "

'3 +I dw

3R 3 R 3 j0 r .2. Before and After Confl.kuvieonofan
Element of the Composite Circular

Equation (3) can be solved for r. the 0-4,sr in Ring Segment
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In these expressions are too lengthy to detail here; we shall only
EaYoung's modulus for layer I outline the procedure. Limiting ourselves to

radial deformations that are symmetric about the

G2 u shear storage modulus for layer 2 midpoint of the ring segment, we choose

I, W area moment of inertia for layer I w - a sin -j(-n"O•• a m (10)

A a area of layer I n-1,3,5... n

R, a radius of layer I vI - :b nwe II

The expressions fur reduced kinetic energy are n10, I 3,5... n a

R,..Lf [w2 +v 2Jd6,i=d1,2,3 (9) v3  c c nO (12)

where The compatibility conditions can be used to
= mass per unit arc length of layer i eliminate the variables v2 and q in terms of

Clearly, if we can find expressions for the dis- w, v, and v3 . These expansions can be sub-
placements w, vl, v2 , v3 and 0 which satisfy stituted into the energy expressions to obtain

the boundary conditions and the compatibility * f (an b n C ), etc.

conditions, equations (1) and (2), we can use
them in equations (4) - (8) to evaluate the ener- The energy expressions can in turn be substituted

gies and then compute the composite loss factor into the RayleIg•-_Ritz energy function

from equation (1). In addition, we could sub- • U - W T (13)

stitute these displacement expressions intoequation (9) and determine the natural frequencies Extremalization of this energy function will yieldequation anddeterinc e thentthe natural frequencies and the valums of the
by Rayleigh's Principle. a 's, b 's and c 's corresponding to the natural

The necessary steps to reach these goals mAle sA 0pes. W4 th these mode shapoi, the

rig. .3. Vatiation of Composit, Lotss Motor (qi) with Shear Paramo~tor Cl) and Opoftenin Agtl. is)
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composite loss factor can be determined structure would require a stiffer viscoelastic
material than that for the corresponding straightOne complication should not be glossed beam.

over even in a brief outline. The expansions

(10), (11) and (12) do not satisfy all the geomet- The distribution of energy among flexure,
rio boundary conditions. In order to satisfy extension and shear in the three layers has also
v1(0) - v (a) - 0, we must have been studied. The peaks and valleys in the loss

factor surface of figure 3 can be shown toSb z 0 (14)
nO, 1,3,5... n coincide with shifts in the partition of energy

in the main beam. The valleys correspond to

Thus (13) must be extremalized subject to the most beam the e pery k being in extension of the

constraint offered by (14). An effective tech- main beam; the peaks correspond to most of the

nique to accomplish such constrained extremall- energy being in flexure of the main beam.

zation is with a TLagrangian multiplier (the This work is continuing and, in particular,
technique for circular ring segments is described it is hoped to verify the analytical predictionwith experimental measurements.
in reference 1 2 J .) We shall omit completely a

discussion of the means for efficient computer REFERENCES
manipulation and solution of the natural (1] D. 1. Mead, S. Markus, "The Forced
frequencies, mode shapes and loss factors. Vibration of a Three-Layer, Damped

The result of performing all these compu- Sandwich Beam with Arbitrary Boundary
tations for a specific geometric configuration Coyiditions," 1. Sound Vib., Vol. 10,
is given in Figure 3. In this figure. the No. 2, pp. 163-175, 1969
composite loss factor, q . is plotted against the 121 r. C. Nelson, "In-Plane Vibration of a
opening angle of the ring segment, and the Simply Supported Circular Ring Segment,"
shear parameter R, where Int. 1. Mech. Sce, * Vol. 4, pp. 517-527,

G2W L2  1962
!!L jI* 1 1 1 3)D. S. Nokes, r, C. Nelson, "Constrained

1 2 l AIE 3Layer Damping with Partial Coverago."

with S & V Pullo•tn 38, Part 3. pp. S-12,
W - width (samo fir all liyers) Nov. 19b8
L a developed length (same for all layers)

The specific geomoery is the same as that used
by Nakes in reference 13) for a straight beam
and is repoted in Table 1.

TABLE I
t.0yer

1 3

ThieknosN .125" 0.050" Osv l"
Width i 1 I"
Matorial Stel - Stel
D"v0lopod l.engh 20" ?U 20"

it is varied by eliowmim G to vary, The
natttril loss fact(* il assurmed conastant at

rPot a* 0 (straight betam) the tvultr of
11gur. 3 aqrv- with those of Nok•s when the
%lightly Aiffterent boundary conditions avo takrn
into 4ccou•it. As riguro 3 aliso shows, the
stroight bham peak it Voss factor at R • 4
dizappears quickly with increasing -Vfninvi
ftngla: in (act, it N•s disappeNied compl'|iely
when a rpaches a value of only I0°. Howe-ver,
it is inuvresting to rote tha! for 2 ilo anothtr
p0k in damping occurs at a largier value of R:
fix the geometry co•noidetvd, this now peak is
at I a 30. On this basis, one wauld expoct
that maximum damping of a deep. curved

14



DYNAZ!IC ANALYSIS OF THE RUNAWAY ESCAPEMENT MECHAN4ISM

Gone W. Hemp
Department of Engineering

Science and Mechanics
University of Florida
Gainesville, Florida

A mathematical model is developed for the nonlinear damping
of the runaway uscapement mechanism. A kinematics study develops
expressions for the effective linkage ratios between the driving
(starwheel) and driven (pallet assembly) member* of the escape-
ment for both entrance and exit engagements. The kinetics of the
escapement action accounts for six phases of motion during one
complete cycle of the pallet assembly and storwheel encounter.
Accounting for the variability of the linktage ratios tor the first
time in an analytical treatment, an expression for the damping of
the escapement is derived. This expression is used to predict the
behavior of a centrifugally driven mechan~ism for which experimental
information is available. For steady state operation, the equation
of motion for such units is solved in terms of elliptic integrals
of the first kind.

I WrHODUCT lOW removed from the previous tooth in con-
tact. In addition to the energy lost ip

Mechanical oscillating mechanism* the impocts. there in the pallet
can provide a reliable, low-cost "eans Assembly inertia tot tV.e driving torquj~
of introducing damping Into mechanical to overcome while the pins are in con-
systems. The runaway escapement moth- toct with the Xt-an'h*9l. The result is
tnism has been used extensively in a reduction In the rate of rotation of
ordnance applications to provide a the storwhvee.
safety And arining function. I n ordikr to
better understand the operation of such
units aAd sub%.quintly provide an
analytical means of design, seOveralgreIsos h eerlcn
studios h-we be-n made ont various typo* furaionr~ fur~v the up g eneral.con-

of ~ct~nism 1143.pallet pin in contact with the frowt

The runaway Qesapoftent mechanism facev of a starvheel tooth. D~uring this
consists of two principal units:t phaso of the ancountar between the two
(1) the starvhaee Showrn in patt on the 50sSftlites, tho pallet is acc*lerat" it I
right in Fiqur* 1. and (2) the pallct tht'cunterclocJkwito 4irection. -the
Assembly Shown on tho lqft. the Star- next contact, between the laitat (exit)
wheal is pinned at its geometrtcal palo pin and a otarwheel face. acoel-
center and to drivon by A torque which Proton the pallet in the clockwise
is assuwsd to act cauntercloc4.caso. sense.
Motion of the atar~tkvhu is ikpeded by a
Soria* of lft-4ts bvetweent pins extending An ifkýortant quasntity during the
upward tram ithe pallet and the faces vt engagced suotior. is the r~tto of angular
the statwheal teeth. The pallpt volocities of tho pallet antd sterwti~el
astos~ly is pivoted at such a distatviee Or thr effectivet linkago ratio. this it
from tho starwhool pivot that a pallet the ratio of the amnout Arms of the
pin oay strike A face of a ttarvlhetl norwvAl force Ibetween the pallet pin and
tooth, slide along it. and lveave that -A *tarwbecl tooth face about the- pivots

toot alowig th strvh: tobe ree of the starwheel and pallet respoctively.
toot Aceeatlowintil itar'vconto be trhe Tho kineatwic condition arises from the
other pallet p*. at another tooth face r"quiremeont that the pallet pins slide
of the. starwhool usually Ong. or two along a tooth face uhile in contact,

its



rig. i SCHIUMATIC OF RUNMAWAY ESCAPEMU'T MrCHANI4SM

From a geometrical analysis the The position of tPe pallet during
falt~owvng exprosakton In found ter the oqnl~~od mo~tion' "y be doter'in~d -by
effective iinkaga ratio durin~g the qxs~tWrtic analysis 1oi lnttor4titrn of (1)
@ntranc*eongagement. An 3.Terv~uitpIv ;ýXP:Oxxon for

AW o*$Ot- Ithe ontr~nco ongaqe'wnt is

voeand ffir tho esit og~aenftv~

end for the *nit *ný1qeu*"t

- * it is nMce'asary to doten'ift the
32Sxp ranqo of valw. or~ (,or which thorw- to

1- at~n~sarq vali4.. Tho ftasiniga di*-
knva Pin :*., "ov* in Contact witht

vt~erestarwvhivl tooth fact, in 5-f w~hvor W to
the Vidth of the (.ACV arA t is a tv-

* (S Dsin~-t~.~~)- thcti("n in this length due to the finite
Avx radius of tho pallet pir. This can be

and MI to the numer of tooth ark the WEK 0 wift(") 1#7r e(.. )
st~azvhoeI opantsod by the pallet pins.I
F iqgr'..I shoV& a two toothi span, but it 0encrally, the longth of #n-qqPaq~t will
Is Of Interest to retain thf mot* be vvw fraction of this "xi,% at
general expression. The abey. exprvsi P(W-9) whepre 04P41.
aloeas allow for ssymsetric positioftinq
of the pallet pins.



From Figure 1 the initial value A. Governing Equations and First
of AW is found to be Integrals

Coupled Motion.- The entrance
AW(e) a R cosy-P(W-E) pallet pin and A starwheel face are

engaged.

where ApN (e) is given bys(2). This The equations of motion for the
where ApN(O) is given by (2). This starwheel and pallet assembly are given
equation can be solved for 8 as a by
function of the geometrical parameters
and the fraction of engagement, P. With I T
0UP41, the solution 8 ; 01 corresponds S

to the initial value of 0-for engaged -TP (10)
motion while P a 0 yields the value ' FNAPN(S)Tp 2
e - 82 which corresponds to the final where is the normal force between the

value for engagement. (The assumption pin and N the starwheal fS is the net

that P a 0 corresponds to the final driving torque applied to the starwheel
engaged position is equivalent to the and Tp i s the f.ictional torque, et the
assumption that the pallet pin leaves p of the palltna ly.
thu starwheel tooth face with a velooity of the pallet assembly.
tangent to the face.) The norm~al force,,Fy, can be

From a similar analysis of the eliminated from equations( 0). Further-
it am n fimiaranalysisofthe more using the kinematicai constraintexit engagement one finds •-•k•• rm() h ol~n

4 NE(0) from (1). the following
ANO() w R cosy-P(W-}) a -AWV1•) - equation for 0 can be obtained:

from which the initial+ , and fin4l. T
4.values of ý, may be obi"Oind. a; i

Uipressiont (1), (Q) and (5) rra whret
thus valid for •V• 402 while (3). (4)
and M6) arv vali for 0340i..N

a~d Lth ofth• •I¢• hi~t

4 *~d dRI(e3
OW, thaat(t M4 10)1) t d v

hut* ha* aix Phasts of fot i ~ifw~kct. to-1.owinq intoqral can be2 obtatntd
coupl d maotion. fro*n totion- 1•sitt.
couplod motion. tree 5"OtiAl dunrt" •mne z (4. .. h

•,plt cyle tS bth • p allet ptn Inerfith F rthTI t

i.40. 'for cootavt bkttwuvon Vie siairt
and bath dt th a p4lo pina.

vharto 496s8#+t ifl 3. has twof iased to
Kajor *issUvq1nuio for thiw:sko1el elffinatv

&art

1. rsec l ferog that tho hwt drivinq
pallet pins and Ntarwhu".l tru.TV, "e the otaruwteal and the

hrictio"a totrhuv. TV,. 4t th. pallet

Toe th~r F&COV at#o ftlcreall -at •N {)I rt(

pivo 4te c ttaot Or r the Wiatitai of
2t t "ICts betuth a Pall0 t pin* integrattoft, this h-coneo

and starwtel tooth faket r are

*as;t*i• perfectly ielasti. ITT dP
3. The egvular elocitis't of the 'f fl 14

starwheel and Pa let arv r.

4saUmusd acro at thP beginoinv 0 40, 2
-o cupe noP" %rhcc U9;9 has bovtl "ado of the rw-elticin

The tIkrd &ssioptioft greatly d ~?I rnI)
timplities the' lat-vt IMUtheatics and
ovet astisatos the &V10%mi o Oftenerg
lost at eaCh iOPaICt. ThP firs~t And
second iaso~mpt ions neglect *nerqjy dis-

saat r;mehamis"a



The angular velocity of the Coupled Motion.- The exit pallet
pallet during this phase of the motion pin and a starwheel tooth face are
is then. given by engaged. After the impact, the two

units begin another phase of engaged
TS ( motion. The angular velocities are

2T 1 (oe+)H(8) related by
P

2T P (4-41 WO() €=-EX~e•(

f- y' (0)(15)
p l+H (8) and the equations of motion are

1 zs - Ts- FNAwx(O) 8 34&4e4

where 0 - t(O) is defined by (5).
(20)

Free Motion.- The starwheel and I - T-PNApy(e) , *3;€*4
pallet asseily a'e disengaged.

After the entrance pallet pin p Proceeding as in the previous
leave e the to thfanche motions e phase of engaged motion, the followingleaves t.he tooth face, the motions are first integrals are obtained:

independent until the exit pallet pin

strikes another tooth fice. 2T S 0-0 3 2TA P-83
, T- 3wr -'~ T- wf*3r

The equations of motion for the F 21
two units during this phase are:

1 6 T~ a .F103 and
(16)

I -T 2T .0•-0 3)XO)x

Ahel aarc oily intogratt-d
aossing TS and Tp art tonstAnts ovr" 2T1 I -•)X• (O)
.he tenq of intvqration. ThOSO irgrt ' (I)

a 3 (17)r (U (2)

Vyrr

- (. 1 0u and # 1 ) i3A dtfimd hy (4). Th,.
I. * g*%Mption of tern VI jt'9AkS At tiw

Ou l tat* 0 of ft• "tt . W tnnn of V notio) . ft9i.-

khe It4ntvhe.1 , xtt du| oin to 'ho' 3
divo torque Vhii. the pallvt Jv itTex p
ate* due to ftictk-" 1o#%vp At thv. 13th' 4e~tion. tTONP~ xtopit% a
pivot, After %coo finii- ro t~koa of -utlO w nt 4 evse Ig6Vkd.
Vact r unit. th- exit. pallidt pin I$ ttaikc
tefac* of Anothrxtrsp $ toth asd Tha of o frth*is
th=e Qatists b4tjie yfttibth ,aa of ht'h of t4 Mtrtt e
onq4a9od Poiit. lboevvvt, the pa1llo isr
t.- accolveat4d -1n" t cleoeAvim 41t[c. S 1e dlt.- 5tion. The valhe ct f * f•k-t ri•t this S'4' rnd
a". Ct OCCVCs CVotrvsPodS to *Ockse trec- (4

t;nof engaqeibent - uguattv aroeI.4i I V TP .,.ý

'P 0.- . ThOi• •rrn.n value of r rP
be calc'dlated by freeoitv; thte ~otis$n of vhicti 1%y be intseqroatd to Vield
the PAilat at * &I a" alitwinq th'p 2
StarvtW'el1 to rotate until the exit pir. I 12S)
nokos Catntact... rut tV);cal yWIiaV. foir 4 "- 4 * S
the c, trica values this is Aroutd

S0..) 11e CortC* value call b*ITT
4aterained3 only threnwqh an itotativ" * (261

4 4 0,0



At the end of this phase of The integrations for the free
motion, the entrance pallet pin impacts motion phases are easily performed.
with another starwheel tooth. The However, the complexity of the into-
fraction of engagement P is again un- grands given by (14) and (21) .quire
kne.wn. the integrals to be approximatea. Since

e-0 ,, 40•e 8 and e-e 3 , 8 e34e are
It is assumed that after some small quantities, the integrands can be

transient period, there will exist a expanded in Taylor series in 0-81 and
steady state motion that will repeat 8-03 respectively and the series inte-
itself, is eri9fia b1 + A and 05 - 01. grated term by term. (Calculations for
This is veriid y experimental typical mechanisms indicate that reten-
evidence. tion of quadratic terms in 6-81 etc.

yields 95% or better accuracy •or the
integration.)

B. Damping Due to the Escapement
Mechanism Porforming these operations the

expression for V is found to be:
The damping torque exerted by

the pallet assembly-etarvheel combina- s
tion on any mechanism with which it is 1 - C 2# '
used may be determined by solving for S
T , the torque required to drive the
ssem.2TP - G- 2 (01 ,0 ,, o:4) (30)

In each of the coupled and free S
motion phases it has been possible to where
obtain on *4pression of the form (Seo
(14), (17), (21 and (25)) I 1 (
T - CMV - Tp(10)) (27)

Us* of thoso *quztions to express
the damping would be unmanageable in
practico since thro ito gonerally a (•4))/, 4X0X• )04-')
&atg. number of coppleto encounters *U- ~1
which must ou considered in 4pplica- *\
t ios.

0(%-".) (1 5"4) (P¶-441. I
it is proposcu tu rupdaco thorie -- --- (3

Oxpras*ons for tho retarding torque by
4 similar expreMsion with avre . en- awl
Ptant CO*ffiiVent# CE and &L. ltxpcrt-
Mental evidence Alo 0OWi that t'Is
aver as running rato, '. in proportital I 2 1

tva*/!.sc n OxPr~o~skn wxTUld bo 2 r~rVZ ~
Valli tot Ote entirV motiont

T04
T (21) iz ri

in ordot te dattrwk.on the ptopp.r
Values for Cg and bi- it i rv •ctsaat"y tor 030_)_112_§_)
calculate the eaan square anqular -
Wolocity of the starwheol for ot t-

Yherv the range Wt integration is V(F 5"-14 )(•"4)

correspwdinq to the eonqag~d an,?- free- "
phases f the motin. Te inte(rands
are given for oech of the inteltl rs by whetp prip*• ir.not; ,liffvrentiatio

( 14), (17), (21) and (2$) reslpctzv!,.ly. wath res p~t to
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Solving (30) for TS and comparing
this expression with that obtained by
integration of (28) with respect to 8
over the same range, the following
definitions are obtained: 4.0 1.6

Ca = Is/2G1 CEXl04B C~xlOBE

BE = G2/G1  3.0 1.2

The amount of retardation exerted
by the pallet assembly and starwheel is CB
seen to depend on the fraction of en- E E
gagement, P, through 81 and 83 and on 2.0 0.8
the geometrical and inertial properties
of the units through H(8), X(8) and
quniis + ()8) +2•)a el . / .

It should be noted that the
quantities 1+112(e) and 1+X 2 (8) as well 1.0 0.4
as the derivative of each with respect
to q are important in the damping. An
increase in any of these quantities will
cause the damping to increase. These
cannot be arbitrarily increased how-
ever. Further analysis including the 0
effect of friction forces between the 0 0.2 0.4 0.6 0.8 1.0 P
pallet pins and starwheel faces shows
that the drive torque may not be large Fig. 2 DAMPING COEFFICIENTS
enough to initiate motion if they are
too large (6]. KINETICS OF A SAFETY AND ARMING MECHA-

Th,: expressions for the damping NISM
coefficients and effective linkage In order to evaluate the proposed
ratios have been used to examine the mathematical model for the dampingsensitivity of these quantities to action of the runaway escapement it is
variations in the geomt~trical parame- necessary to predict the operating
ter. The range of variation was behavior of a unit containing the
limited 4 manufacturing tolerances for escapement, investigate the behavior
existing mechanisms. All quantitius emperimentally, and compare the pre-
were founO' to be mor, sensitive to dicted and measured values defining
changes in the pallot pin locations this behavior. The M125hl S&A was
(Q and S) than the other geometrical chosen for this task. The quantities
parameters. The half angle, y, of the to be compared are the time-to-arm and
starwheel tooth was the next most turns-to-arm where the latter is the
sensitive parameter. product of the former and the spin speed

of the entire S&A.
Figure 2 shows calculated values

for Ct and B_ as a function of the This unit has a spin-driven rotor
f roctia of •ngaqeO motion, P, over the assembly (the rotor is pivoted about an
untire theoretical range J4*1'4l.0. For axis rot passing through its center of
a sto'ady state operation of the mecha- mass), the motion of which is retarded
nism, the fraction of engagement is by 3i runaway escapement mechanism
consatant. L.,:ereft is therjfore connected to chr rotor through a gear
centered on one value uach for CE anJ train. rhe equation of motion for the
BE at thit value of P. Values shown rotor has been shown to be (5]in Figure 2 are for the runaway escape-
m•nt mechanism contained in tLe M12SAI
booster safety and avming mechanris' I R + P + RF + E s M (34)
(V & A) currently in use in ordnance
applications. 15j where M is the rotor driving torque, RI

is the inertial resistance of the gear
train and stnrwheel, RF is the friction-
al resistance of the gear trein,, and
is the displacemenr of the rotor. RE
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is the resistance due to the escapement
action. It is the previously obtained t =(K 0,k) - K(6 k) (42)
damping torque multiplied by the net
gear ratio for the gear train including
an estimate of the efficiency of meshing where is related to through (37).
action of the gears. It can be shown The time for the rotor to com-
that plete its motion, i.e. t = tp, * = *

R 6 2(35) is thus given by (42) with B = 0p ' heE number of turns or rotations of Ue
enis eSAdrn thugieby42wisotho s sipl

where C is proportional to the damping entire S&A during this motion is simply

coefficient CE. ntF"

After a short transient phase The angular displacement of the
pare t theortl running time), rotor can be obtained as a function ofthe angular acceleration of the rotor time from (42) using (37) and the

becomes quite small and may be neglected identity [7]
without substantial error [5]. Equation sn(K(,) = sine (43)
(34) may be written as

2M (36) where sn is the Jacobian elliptic sine.
= n 2 (A siný - (F+B))-O 6)0 The result is given by:

where n is the spin speed of :'he S&A, B - 2 ( (k
is proportional to BE, F is related to -2sin-lk sn nt -
the frictional resistance torque, RF, 1

Mo is the torque required to initiate -K (8ok))) (44)
motion of the rotor, p is the coeffi-
cient of friction at the pivots and A 0 = tod<t*,tF
is related to the moment arm for the
driving torque. (For details of the Figure 3 .hows the calculated
derivation of these equations and values for turns-to-arm versus spin

rate for 95% efficient gear meshes and
[5-6].) for a coefficient of friction at the

Define pivots of 0.15.

sinp 1-2k2 sin2 8 (37)

where

( -(F+B)n 2+ Mo)k' 1 r (38)

0<k 2 l
44

Using (37) in (36), one can
obtain

42 P 0.8

J 1 1- k' sin2 8 4390

where P 0.7

t It (40)

P - 0.6
Equation (39) may be integrated 36

to yield
1-10 W K(8,k) - K(80,k) (41) U ,, 0 300 400

0 100 200 300 400

where K(B,k) is the Jacobian elliptic n(rps)
intogral of the first kind [7].

Using (40) and assuming -o 0 Fig. 3 THF:ORETICAL TURNS-TO-ARM
"U"g(0 nda~mn VERSUS SPIN SPEED

at 8 - a., one can obtain 0
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It should be noted that an in- DISCUSSION
crease in P of 0.1 yields an increase
in the minimum turns-to-arm character- While Figure 4 shows good
istic of 2 to 3 turns. Similar in- agreement between calculated and experi-
creases can be effected holding P con- mental results it should be recalled
stant and increasing the coefficient of that there are several parameters which
friction by 0.05 or by decreasing the need to be estimated and these can have
efficiency of the gear meshes by 1%. a profound effect on the final results.

Fortunately, only the value of P is an
The curves of Figure 3 have P unknown for the damping calculations.

as a constant value. However, it is Thus proposed designs for a runaway
expected that the fraction of engaged escapement can be evaluated and com-
motion depends on the driving torque pared using the proposed damping model.
and hence on n'. As the sp-n speed is
increased, the starwheel has a greater In an effort to further vali-
acceleration during phases of free date the damping model, another escape-
motion and catches up with the pallet ment mechanism, the M125AlE3, which has
sooner. The.efore, P is of the form been built for possible ordnance use

was also tested and the results com-
P = P0 + 6P n' , 6P>0 (45) pared with predictions using the pro-

posed model. In this case the model
2igure 4 shows the effect this predicted only 40-45% of the turns-to-

relation would have on the turns-to-arm arm [6]. This result is unacceptably
characteristics for P - 0.5 and low and indicates further work is
6P = 10-5. The magnitude of the value necessary in the development of an
for P was obtained from analysis of accurate model for the damping of a
high-Rpeed movies (.0,000 frames per wide range runaway escapement mechanism.
second) taken of laboratory tests of
the M125A1 S&A. These movies along
with a numerical solution of equations ACKNOWLEDGMENTS
(14), (15), (17), (18), (21), (22),
(25) and (26) for the condition that The work presented here was
the angular velocities were zero at the performed at the Harry Diamond Labora-
beginning of engaged motion provided an tories (Branch 420) in Washington, D.C.
estimate of 6P. (It should be pointed during the summer months of 1970 and
out that the numerical analysis showed 1971 under the A.R.O.-D. summer con-
the values of P to be greater than one. sultant program and at the University
This is probably the effect of the of Florida. The author wishes to
assumption that the angular velocities acknowledge invaluable discussions with
are zero at the beginning of engaged and encouragement from David Overman,
motion.) Also shown in Figure 4 are Branch 420, during all phases of this
the results of the laboratory tests, research.
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PREDICTION AND EXPERIMENTAL TECHNIQUES

A METHOD FOR PREDICTING BLASf LOADS

DURING THE DIFFRACTION PHASE

W. J. Taylor
Ballistic Research Laboratories

Aberdeen Proving Ground, Maryland

Recent work undertaken by the Ballistic Research Laboratories was directed
toward Improving the accuracy of the predicted load-time diagram for simple
structures so that more predcise calculations of structural response could
be made. The established prediction schemes do not differentiate between
two- and three-dimensional structures so this is the area of primary
interest in this paper. The results of this analytical and experimental
investigation show substantial differences in loading between two- and
three-dimensional cases. A method for determining the load during the
diffraction phase is presented and compared to experimental data.

INTRODUCTION structure. This time is referred to as clearing
time, t , and as determined by the technical

In the early 1950's laboratory and field manucl is 3S/aS, where S is either the height
experiments were conducted to define the blast of the structure or one-half the width, which-
loadinr on structures. The work of that era ever is smaller, and a5 is the speed of sound in

was ýynthesized by contractors to the Corps of the reflected pressure region on the face of the
Engineers and published in a Corps of Engi model. Some design manuals use U, the shock
nears Manual EM 1110-345-413, "Design of front velocity just prior to shock front imping-
Structures to Resist the Effects of Atomic ment on the structure, instead of aS. The
Weapons." This work received wide distribu- difference between U and a1 is small at low 1Xm
tion and in 1965 it was republished as a presvures so it makes litt e difference which
Dept. of the Army Technical Manual TMS-856-1. value is used. At pressures above 20 psi hosver
It has served as a vory useful document for the differences exceed 15 percent.
both the designers of blast hardened struc-
tures and for those having responsibility for
vulnerability studies. Vulnerability work and On the rear of the structure the average
present day design requirements indicate a rear surface pressure is determined from tho
degree of accuracy that is beyond the scope equation
of this document. For such studies one should
know the load history at any point on a
structure. Complex computational techniques " Ps (.5) (1 1 (l-BJ e 4 )
can provide this type of resolution for two-
dimensional structures and work is progressing
toward solving such problems on three- where 0 * .5Ps/PoA P0 a atmospheric pressure
dimensional structures. The requirement for
precise point loading Information does not The time, t6 , required to reach the pits-
relieve the requirement to provide more pro- sure is given by the equation
cise average load-time histories and this
paper is aimed at giving the problem solver
a simple, but more accurate method for esti- tb * 4S/cO
mating average blast loads on the front and
rear surface of structures. where S is the height of the structure or one-

Figure 1 Illustrates the technique out- half the width whichever is smaller and co is
lineduInrthe technicalamanualfordetermio- the speed of sound in air before shock arrival.lined in the technical manual for determining

average loads on the front and rear surfaces.
As one can see, one of the more important If we examine the clearing time equation
calculations made when determining the load- we see that two targets that are widely differ.
time curve on a structure is that which ant could have the saw average load. If the
determines the length of time that some cor- height for Instance,was the limiting dimension,
ponent of reflected pressure persists on the then any width greater than two times the heigt

Preceding page bliank
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would not change the average load. We know and sides of the three-dimensional model sub-
from experiment that this is not the case. jected to a S psi shock wave. The rarefaction
Also, on the rear surface the equation which wave speed used is that of the speed of sound
gives the rate of rise to maximum pressure is in the reflected gas zone. Gage position A is
insensitive to shock overpressure since it swept by a rarefaction wave emanating from the
assumes pressure disturbances to be propagated tip of the model at 140•seconds and this is
at a speed equal to the speed of sound in reflected from the ground surface and again
ambient air. sweeps the gage position at 400 useconds.

Similar signals from the sides are received at
ANALYSIS AND EXPERIMENT 50 and 450 useconds. Arranging these in the

order of their occurrence produces a signal at
With these current prediction techniques 50, 140. 400 and 450 useconds. The first two

in mind we performed a simple analysis and are readily Identified in Figure 7. Positions
conducted a shock tube study which was aimed it C and D receive their first signals at the
observing the differences between average loads same time, 140 useconds from different edges
on two- and three-dimensional models. The and are also readily identified. Each rare-
analysis shows that the rarefaction wave ac- faction wave that passes contributes to the
tivity on the two-dimensional target is less unloading but when the individual gage posi-
than on the three-dimensional target during a tions are summed, the passes are as seen in
fixed time interval. These wes travel at the Figure S, less distinct.
local speed of sound and set up the flow from
the zone of high pressure to one of lower The wave diagram in Figure 6 can be used
pressure near the free edges. A structure with to identify the shock or compression wave
either a .large or s3ail height to width ratio interactions on the rear surface at the 5 psi
receives a very different unloading pattern level whore the pressure wave propagation.as
than one with dimensions which are equal, or determined from the experiments, is nearly the
near equal. This is illustrated in Figure 2, same speed as the rarefaction wave speed.Figure
which shows six rarefaction waves crossing in 8 shows records from the rear surface with time
the clearing time T on a structure with a beginning when the pressure wave starts down or
height to width ratio of 1/2 and four on the across that surface. Position A receives a
structure which is very wide. pressure pulse at approximately SO, 140. 400

and 4S0 Useconds, but these waves exhibit a
The experimental program to investigate compression rather than a shock rise time so

the difference in loading between two- and the pressure peak occurs later in time. The
three-dimensional structures was conducted in arrival times after the first wave are actually
the square test section of the BRL 24" shock somewhat longer or shorter than what the wave
tube. A steel model was instrumented with diagram shows because of the direction of
three piezoelectric gages on one face. The particle flow. Positions C and D exhibit near
gages and their positions on the model remained identical patterns, as they should and demon-
unchanged during the experiment, but the model strata that the mirror image barrier is a valid
was turned 180 degrees for observing back face substitute for a ground plane.
loading. The three-dimensional model was con-
verted to a two-dimensional model by adding The strong interactions at Positions C and
wood blocks to fill the space between the model D are somewhat balanced by the dip in pressure
and shock tube wall. Figure 3 shows the at Position A on the aoerage pressure plot.
various test configurations. Shock pressures Position A, which is close to both the top and
of S, 10, IS and 20 psi were applied to these side edges, has been influenced by the vortex
test configurations and thu data were recorded generated by those edges. In geperal, the rear
on oscilloscopes. surface loading is quite non-uniform andhence

more heavily averaged than the front surface
An attempt was made to position the gages loading.

on the model so that an average pressure during
the diffraction phase would be obtainedhby A. Experimental Result-s-Front Surface
cobining the records. The front surface of the
model was sectioned as shown in Figure 4A and Figures 9 and 10 show the differences in
gales were placed at the tentroed of the area front surface loading between the two- and three-
A, C and D as shown in Figure 45. Position A dimensional models for the nominal shock pres-
was given a weight of 2, and C and 0 each a sure% of S, 10. 15 and 20 psi. The Input Lhock
weight of I in an averaging channel which pressures were not precisely the same as the
combined the gage output and displayed them as nominal pressure levels, and the difference Is
a single record. ragure S shows the records Indicated by the slight difference in reflecton
ad from a typical shot along with the output factor and two values of stagnation pressure

of the averaginS channel. The averaging channel ratio.. These figures show that the three-
was cons&A,•-'d to describe the average load on dimensional model is more swiftly relieved or
the face and was used in the comparison of its reflected pressure than the two-dimensional
data throughout the program, model. Notice that the pressures go below the

stagnation pressure level on the three-
Figure 6 shows separate wave diagrams dimensional model at S. 10 and IS psi level and

for the rarefaction waves coming from the top remain there for about one cros.sing time before
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returning to the stagnation pressure level. B. Experimental Results-Rear Surface

The records from the three-dimensional Figures IS and 16 show the difference in
model show a pressure jump occurring at about 3 rear surface loading between two and three-
or 4 crossing times. This is caused by the dimensional models for the four pressure levels.
reflected wave from the model interacting with The time unit is thiz taken from TM S-856-I,
the shock tube wall and returning to the model, and according to that publication, four such
The records at this point and beyond in time time units are reqAIred before the maximum
are not considered representative of the free average rear surface pressure is achieved.
field case. For the two-dimensional model this These data show that the maximum pressure is
reflection occurs at a time later than what is achieved in about 2-1/2 time units and that the
plotted and so these records are considered three-dimension model achieves a higher
valid for the times plotted, pressure than does the two-dimensional model.

This is not suvprising since the wave diagrams
These records of front face loading show show the three-dimensiual model has more com-

that clearing time, or time for the reflected pressional wave inter-:tions. Figure 17 is a
pressure to decay to stagnation pressure, is plot of the %verage rear pressure ratio at 2-1/2
something other than 3S/a5 . The three- time units on both models as a function of
dimensional model clears faster than the two- input presure.
dimensional model and the stronger shocks
require more crossing time than weak shocks. In CONCLUSIONS
fact, the two-dimensional model does not reach
stagnation pressure during the recording time Thi. investifgation showed that target shape
at the higher shock pressure levels. Figure 11 has a significant influence on the load time
shows a plot of percent of stagnation pressure history. A very high or wide building has:
remaining after a time 3S/aS and points up the
error that is introduced in a loading calcula- a. Pressare in excess of the stagnation
tion if that criteria is used. prissure at the time 3WSas.

In an attempt to relate the rarefaction b. Maximu pressure that is achieved on
wave activity with the amount of unloading, the !Wh. rear su-face occurs in about 1/2 the time
records shown in Figures 9 and 10 were replotted predicted from TM S4-S6-1,
with the time base changed to number of rare-
faction wave crossings. This, in effect, expands On the structure that has a height to width
the time axis for the three-dimensional model ratio t.ear I/2:
by a factor of 2. This replotting, shown in
Figures 12 and 13, shows the correspondence a. Stagnation pressure is achieved on the
between pressure change and number of rarefac- front prior to the time 3S/aS,
tion wave passes, and the kgreement is rather
good for the first four crossings. The fifth b, Pressure on the rear is somewhat higher
crossing on the two-dimensional model occurs *1 the, predicted and achieves its level in about
about the time limit of the records, but ý rom !1, the predicted time.
Figures 9 and 10 one can see that the prtssure
level is approaching the stagnation proseuro. If the results of this study are applied
On the three-dimensional model interact•ons of to a structure without thickness, the net force
the two wave systems on all bur the ZC! psa. shot -curves -own in Figure I1 are obtained. The
cause the pressure to temporarily be reduced tn solid lines are the constructed curves and the
a value below the stagnation Ievel a a'hotst the dashes lines are those obkfined from th# pro-
fifth crossing. The pressure is ývenonuWaly cedore outlined in the technical maual. rot
returned to stagnation pressure by i cuap.res- the ease 4hown, a 5 psi shock, the impulse
sial wave which the depression creates or•o s ,leve*ro during the time 3Was is 38 percent
reflection from the bhock tube w. I if that less than what would be predicted by current
occurs sooner. p%-ocedte, .on the throe.dimensional model and

1f4% less on the two-dimensional model.
The curves in Fiiures 12 and a$ su&gesi

that a load-time history can be eotsblished by ACKN"LLLGIR)('t
counting the rarot.4ition waves. An Average
curve was then dr..va for each pressure love; The author wuold like to express his
And a plot was ltte'J (Figure 14.1 which shobm appreclationt to Rodney Abrahas and Warren Sity
the percent of t-flected pressure remaining for their valuAble assistonce.
after each raref.;ction wave pass. The teniency
for the two-dimensional and thro.e-dimen. anal
data to separs e at the fifLh Tarefoctim wave
crossing is n, t then exhibited and both sets
of data show the pressure 4pproachinit stagoa-
tion pressure at the time of the fifth
rarefaction. This is a compromise which dilutes
accuracy but greatly simplfies mAing a load
time estimate.
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DRAG MEASUREMENTS ON CYLINDERS IN EVENT DIAL PACK

Stanley B. Mellsen
Defence Research Establishment Suffield

Ralston, Alberta, Canada

The free flight method was used to obtain drag measurements on
circular cylinders in the blast wave from a 500 ton TNT burst. Cyl-
inders 3-1/2 to 12 inches in diameter were tested at peak incident
overpressures of 5.9 to 20.5 psi.

Drag pressure, drag pressure impulses and drag coefficient were
evaluated and tabulated. Transition through critical Reynolds and
Mach number regimes were both observed and described.

NOTATION CD' coefficient of drag

x horizontal displacement of cylinder PD drag pressure

t time after shock front hit cylinder I drag pressure impulse

D drag force acting on cylinder in blast PDave average drag pressure evaluited from drag
wave pressure impulse

m mass of cylinder q dynamic pressure at time t

a acceleration of cylinder qo dynamic pressure at time t-O

v velocity of cylinder M flow Mach number in blast wave

u fluid particle velocity in the blast C2  speeo of sound in the-blast Wave at time
'wave at time t t

u fluid particle velocity directly behind T, atmospheric temperature ahead of shock
the blast front (t=O) front

p peak incident shock overpressure R gas constant

pi atmospheric pressure y specific heat ratio

C1  speed of sound in the air ahead of the T, temperature in the blast wave at time t
blast front

T2o temperature behind the blast front at t-O
F Friedlander pressure decay

P2u absolute pressure behind shock front at
t+ positive duration of hl.."t wave t=O

ap fluid particle acceleration in the blast p. absolute pressure in blast wave at time t
p wave
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Re Reynolds nunber adjacent structure for which loading data were
provided.

d cylinder diameter

The large cylinder at the 5.9 psi location
v kinematic viscosity at time t was constructed of sheet steel, spot welded to

circular steel end plates and internal stiffen-
ac acceleration coefficient ers. The support shaftF were 1/2 inch diameter

steel rods along the axis of each end of the
at acceleration of fluid relative to cylin- cylinder. These were welded to the end plates

der and the first internal stiffener which acted as
a hub. The remaining internal stiffeners con-
sisted of circular steel rings placed at 30 inch

INTRODUCTION intervals. Their thickness was such that they
counter-balanced the masses of the end pieces for

In Operation PRAIRIE FLAT [1], a project the purpose of preventing possible beam vibra-

was initiated to measure the aerodynamic drag on tions. The cylinders at the 11.0 and 14.3 psi

circular cylinders by the free flight method [2). locations consisted of schedule 80 Al pipe with

The project was based on the necessity of pro- 1/4 inch thick aluminum end plates. Each sup-

viding knowleage of blast loading for structural port shaft was a 1/2 inch diameter aluminum rod

analysis of the lattice type masts, also tested passed through the end plate along the axis of

in the trial [3] and for gaining knowledge of the cylinder and welded at its inner end to a

aerodynamic drag in the little explored unsteady disk pressed into the cylinder. An aluminum disk

flow regime behind a spherical blast wave. In 1-1/2 inches wide was pressed into the middle of

Event DIAL PACK held at DRES on July 23, 1970, each of these two cylinders to balance the end

the free flight method was again used to measure masses. The four cylinders at 17.0 and 20.5 psi
were solid aluminum rods with 1/2 inch diameter

the aerodynamic drag on cylinders using seven steel support shafts pressed into holes drilledcylinders as compared to two as in Operation in each end of the cylinders. All the support
PRAIRIE FLAT. In addition to following the mo- in each ind All t onpwhic
tions of the cylinders by means of high speed shaits were machined with a small flat on which
tionras, thercinsduers byemeansosed of hh seed the cylinder rested to keep it from rolling.
cameras, transducers were also used on all the Each cylinder to be used with camera coverage
cylinders to measure their velocity directly. had alternate quadrants of one end painted black
This essentially gave the total load impulse as andwhite for fiducial marks for film reading.
a function of time. In this way only one dif- The surfaces of the cylinders were smoothed so
ferentiation was necessary for obtaining the that there were no rough spots to disturb the
acceleration and hence the drag force applied to flow pattern around them. The steel cylinder
the cylinders as compared to the two necessaryfor he amea dsplcemet. he attce ypewas painted to prevent it from rusting beforefor the camera displacement. The lattice typethtratokpce
masts whirh had beer tested in Operation PRAIRIE the trial took place.
FLAT were tested again in Event DIAL PACK but at Each mount base consisted of two parallel
higher overpressures and six of the drag cylin- vertical steel plates 1/4 inch thick bolted to a
der setups were placed near them so that the steel footing plated in concrete in the ground
measurements made could be used dlrec t ly in the steel fooTin plated ncrete inthes grond
structural analysis. In additiop, basic infor- (Fig. 1). The plates were 36 dnches taong,c3e
mation about drag in unsteady flow at these inches high andwere spaced apart a distance
higher overpressures was derived. The seventh equal to the length of the test cylinder. A
cylinder was placed at a much lower overpressure scale consisting of alternate black and white
adjacent to the GRP (Glass Reinforced Plastic) stripes two inches wide was painted along the
topmast [4] to provide loading information for top edge of the base plate facing the camera tothat trucure.provide a distance scale in the film record.that structure.

Finally, then, the purpose of the experi- Two extension plates were bolted to the top

wents reported herein was to obtain information of the base plates at the ends nearest the oncom-

about aerodynamic drag on seven circular cylin- ing blast wave. These plates had gimbals welded

ders coverinq the overpressure range of from to them in which velocity transducers were clamped.

about 6 to 25 psi. The velocity transducers themselves are described
in the following section. The extension plates
also contained the ledges on which the cylinders

APPARATUS AND PROCEDURE rested by their mount shafts. The gimbals and
ledges were lubricated with silicon grease so

(a) Test Cylinders and Mounts that the friction forces were reduced to negligi-
ble quantities in comparison to the drag forces.

Each of the seven test cylinder setups con- To prevent disturbances of the oncoming shocK
sisted essentially of a circular cylinder rest- wave from interfering with the flow the front
ing parallel to the ground on the ledge of a edges of the areas of the mount facing the shock
base anchored solidly in the ground (Fig. 1). wave were tapered so that the shock wave could
The location, size and weight of each cylinder pass smoothly between the plates which themselves
is given in Table 1. Also given are the posi- provided high ridigity and low frontal area.
tions for which camera coverage was used and the
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Fig 1- Fe 'gtDa yidrad1~

Number in. in. lb.psi dce froum sdStutr

Cylinder

112.00 120.13 107.60 5.9 45 Yes GRP Top Most

2 3.49 60.00 19.11 11.0 34 Yes 15 ft Lattice Mast

3 3.49 60.00 19.07 14.3 34 No None
4 3.49 60.00 57.09 17.0 34 Yes* 30 ft Lattice Mast
5 4.88 60.00 111.31 17.0 34 No 30 ft Lattice Mast

6 3.49 60.00 56.82 20.5 34 No 30 ft Lattice Mast

7 1 5.73 60.102 157.90 20.5 34 No 30 ft Lattice Mast,

*camera failed to operate
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INSTKIENTATION DATA ANALYSIS

The velocity teansduvers for measuring di- The voltage-time data obtained from the vel-
rectly the velocity of each cylinder as a func- ocity transducers and recorded on magnetic tape
tion of time were based ýon the principle that a during the field trial were converted from ana-
permanent magnet travelling through a coil pro- log to digital form after the trial. lMst of
duces a voltage which is directly proportional the high frequency noise was then smoothed out
to the velocity of the magnet within the coil. and the curves were fitted to the filtered data
A pair of transducers connected in parallel was using a program in the IBM Statistical System
used on each cylinder so that the voltage out- entitled Least Squares Fitting to Orthogonal
put was proportional to the average velocity of Polynominals. The fitted curves and the data to
the two ends of the cylinder. The transducers which they were fitted are shown by the smooth
used at all locations other than that at the and wavy lines respectively in Fig. 2. The gap
lowest pressure level were Hewlett Packard Model in the data curve is due to a characteristic of
LV (syn) 6LV4 with a 4-inch nominal working the transducers. This is described in detail
range. The cylinder at 5.9 psi had Model 6LV2 along with a description of all the data analy-
transducers installed which used only a 2-inch sis elsewhere [5].
nominal stroke. The magnetic rod in each trans-
ducer coil was extended by a brass rod fastened Curves were also fitted to the camera dis-
to an aluminum eyelet which passed over the placement-time data using the same procedure.
shaft on each end of the cylinder. The fitted curve and the data to whi':h it was

fitted (each point shown by an "x") along with
The output of the transducers was suffic- the "elocity and acceleration obtained by dif-

iently high that no amplification was necessary. ferentiating the fitted curve is shown in Fig.
The output of each transducer pair was simply fed 3 for Location 1 and Fig. 4 for Location 2.
through a potential divider consisting of two re-
sistors mounted on the outside of the base plate
into a strain gauge cable passing underground to
the recording bunker. The strain gauge cable was (a) Calculations Used and Detailed Tables of
connected to a magnetic tape recorder and the () aults
voltage-time output recorded. Results

The transducers were calibrated by two dif- An investigation was made into the possibil-
ferent methods. Before the trial they were call- ity of evaluating the various flow parameters in
brated by an electro-mechanical means which con- the fluid flow behind the spherically expanding
sisted basically of shaking the velocity unit and blast front using the fundamental laws of fluid
comparing the output voltage to the velocity mechanics and thermodynamics along with the
measured by a standard accelerometer. The sec- measured parameters. A simple, accurate method
ond method consisted of integrating voltage-time was not found. Therefore, methods were used in-
data obtained during the trial and comparing this volving the empirical Friedlander decay, similar
to known displacrm..ent-time characteristics of the to the methods used previously [2].
transducers. The details of both methods are
described elsewhere [5]. Three of the cylinder The drag force D was obtained by
setups were equipped with cameras to follow cyl- - ma (Eq. 1)
inder motion. Fastair cameras with a nominal
operating speed of about 600 frames per second, d2x
were used at Locations No. 2 and No. 4 (Table 1). where m is the mass of the cylinder an
A Photosonics camera, with a nominal speed of was the cylinder acceleration evaluated using the
1000 frames per second, was used at Location No. polynomial curves fitted to the data. The drag
1. Each camera was mounted at the height of the pressure PD on each cylinder was found by divid-
cylinder on a wooden post anchored solidly in ing the drag force, D, by the frontal area, A,
the ground. The axis of the camera was oriented of the cylinder. Thus,
perpendicularly to the blast eirection. The cam-
eras were placed so that their fields of coverage D D
would allow about two feet nf cylind.-r motion to PD " (Eq. 2)
be followed. This corresponded to roughly half
the positive duration of the pressure wave, the The drag pressures evaluated for the 12 inch di-
interval of greatest interest. This provided for ameter cylinder using camera data are shown in
maxit•um displacement resolution in the film data Table 2 and for the four 3-1/2 inch diameter cyl-
"for studying the motion of the cylinder during inders using transducer data, they are shown in
this time interval, The drag forces beyond this Table 3. Similar tables for the remaining data
time would be very small and also the dynamic re- are not included but can be found elsewhere [5].
sponse of the structures under test was most Also shown in these tables, for each cylinder, is
greatly influenced by the early part of the wave. the drag coefficient, CD, drag pressure impulse
The speed of each camera was monitored by means In in psi seconds, average drag pressure PDave,
of electronic timing marks placed on the film at In psi defined in the sequel, displacement x, vel-
100 usec intervals. ocity v, and acceleration a, of each cylinder

along with various flow parameters.
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TABLE 2
Re..ults for Location 1 Using Cylinder Notion

ieasured by High Speed Cameras
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TABLE 3a

Results for Location 2 Using Cylinder Motion
Measured by Velocity Transducers
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TABLE 3b
Results for Location 3 Using Cylinder Motion

Measured by Velocity Transducers
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TABLE 3c
Results for Location 4 Using Cylinder Motion

Measured by Velocity Transducers
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TABLE 3d
Results for Location 6 Using Cylinder Notion

Measured by Velocity Transducers
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The drag force impulse was derived from where t was the time elapsed after the blast
Newtoc's Second Law, thus, front had passed the cylinder,

at+ ws the positive duration of the wave.
The valte of P, was 13.57 psi [6]. The

value of k used was 1.0 at Locations 1 and 2 and
Integration gives 2.0 at Locations 4, 5, 6 and 7. The value of kwas determined from pressure-time records ob-

t t taoned at the pressure levels of these locations
I D dt I I d(mv). [7]. The value of k at Location 3. which was

o o about half-way in peak incident overpressure be-
tween Location 2 and Locations 4 and 5, was as-

Since the mass was constant and the initiai vel- stwd to be 1.5.ocity waS zero, this equation becomes The fluid particle acccleration ap was found
t be differentiating Eq. 6 thus
f Ddt-mv. (Eq. 3) k .

aou (
The drag pressure impulse, 1, was found by ap • 0 'kF * . (Eq.8)

dividing the drag force impulse, given by Eq. 3,
by the frontal area of the cylinder, thus The drag coefficient was found by

my P(-(Eq. 4) C !. - (Eq. 9)

That it. the drag pressure impulse was directly where
proportional to the cylinder velocity. The av-
ertge drag pressure pDave, up to any specified % (t~m. . asgithbyq -%(I - 1) PZ (Eq. 10)
time, t. was given by u

p I (Eq. S) where qo. the dynamic pressure at tro0, obttIned
poa( from the Rankine-Hugontot equation was given by

The displacamentxand velocities v, of * (Eq. 11)
the cylinders were evaluated from the polyno- %o "(. )
mial curves fitted to the camra dtsplacemnt-
tim dta and to the transducer velocity-tine The Mich number N of the flow behind the shock
date. The displacoent was ,btataad from the front was given by
latter curves by mens of numrical Intogration
using Simpson's rule for an odd nu oer of Points u-v)
and the trapezoidal rule for evaluating the con-
tribution to the intgrai by tft last incremIt
w the number of points was even. whert C, was the speed of sound behind the shock

front obtained from
The fluid velecity directly behind the blest

front (tinte tO), was obtained froa the *quatoA T (1. 13)

u 0 uF (Eq. 6)

where uo. the fluid velocity dirfttly b*hind the tre C1  -T iAt was the sPee:of stoud In the

blast front (time t-0), *st obtained from the atmosphere aheOd of the shock frot,
RAnkine-Hugonlot relations T1 was the atmesPheN c tWeretUr* ahed of

the shock front the measurmd value of
SD C, which was SIS.194 (6].

u *([q. It was the Vats constant.
uo was the specific heat ratio.

was the temperature of the flow behind
the shock front aporoximited by the iton-
tropic relationshi;

where p was the peak shock overoressure,
p1 was the atmespheric prmnsU.
C, was the sped of sound in the air ahead T.

of ft blast front, T T (Eq. 14)

" -" .the Fiedlander p*ure where TZ wat the temerture directly bhind th
\ :/ shock front obtained froa the Rankine.

decay rate. giving p(t) * pf. 4ugontot relations and g9v1 as follows:
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P p2o (b) Suemrized Rsults

T2 T i(Eq I S Th# average drag coefficient obtained for
T T1 each of the test cylinders is given for various

7 - time intevvals in Table 4. Tine were obtained
P20/ from the values given at tbo millisecond inter-

ls as show In Tables 2 and 3 and averaging
w P20 " P + PI (Eq. 16) these values over the specified time range given

in Table 4.
p2  p, + pF. (Eq. 17)

A lng-log plot of the drtg pressure ioulse at

The Reynolds number was given b t various peak inciet oerprssures for which
n . n results were o d on 3.49 inch diameter cyl-

(u - ) (q1 inders is given in Fig. S.

DISCUSSION
whre d was the cylinde" diameter

Vwas the kinemetic viscosity given by The values of toshown as Nuictioas of time
in Table 2 for Lkocation I and in Table 3 for Lo-

pzQ ,714catior' 4 indicate clearly thot tt* flow around
Ss 10' -14.7 bn Ta lainar flow " Iodsinumber regioe. This is

L 1 P2 t2 1 Show by cmarison of the dra coefficints and
1+ %Yft I S M0M.rsobtained for flwin. e ~s

"wave to know values for. transition.01. stead ifl-
(Eq. 19) campmsible flow A einimu value of the dr4g

co€ffic4ent. tO. betWen 0.-M0 and D.AM Was
where the b. are coeqifidents (ý] obtairied 4, r"aCod between hynolds *tMoor ý i , 10~ and
fitting 4 polyn•omal to v41a 1 of V for 0fr at 10.1 A 10.. passing to a I j I¢ valuof jSlightly
spftiflc temeratures. Io a€Welerati*A coef- "ofatt mn I bl.-b" "eIs Amour of 4.1 z
ficlont, an Indication uf the etect W dr• Vo " a 0 r4 SA6 x 10- Vi tho 4M• varyig flow cf t0 e
relative acceleratio between fluid and cyiIn- pass•i• blast. wave for L• ottmsl . 4 and S. for
der was given oy steAdy flow. 6A the other hand, t4 We Poiftprt -if

d~~t t~j~h transidotn regime occu~rs a 0~xQtwlY t*e
aC " (u - v}• (E4, 20) tu k ds t S !t IM a I a 10- Wt

the droo coefficitat 04 ""1e (from -na* valueýW41
is '1 acelertion ~ b~of arr wOsiet 0j, to su of appntsteately

il? total 4• #I.19f 0.60 IW b.71 I .• I -lt) .0 O)" • 1'

1.t) T"e effect of c*Wressibilty 4swct

' a ~ . t 1) that the dirag coficlcent v-4 Asynolds nwimbet *1
t*trfattit~in rtqIa both facrease vith Pbcil

Aworag* Drag Coefficaets Over 0 1VAr Tý" t 4r. Ang

I !',0 " -),49 - - -m . "

heat Incidet rn4ra
LOxathA' 0Wer~rpsi1.jr 04 tetaro Fr trt 24 fbr wirst *D ro furZll Test R"4!9

9 4 Iaches M I I Isft*"d PilIsIconds

SA 12-t~00 0.4 B 09$4' 07,9 0.41* 0.76 l0.7? it2 1406

.211.0 3.4, 0,16 0.71* 0.61 01.63- 0I60 0.15' ý 4

314.3 2.449 0.66 039 4?
17.0 3. 49 0." 0-3 .06

S 170 4.8 0.68 0.54 0.61 s

7 20-S S.71 1.07 01Z

fnom c~8'r data
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number which explains why the values found were supercritical Mach number regime and the very
slightly above those known for steady incompres- sudden drop in acceleration indicates that the
sible flow. transition regime was traversed. The drag pres-

sures and drag coefficients are not shown in
It is interesting to note that the drag co- Table 2 for t;,.e final few milliseconds nf the

efficient increased, during a time in the trans- camera data because the instability of the time
ition regime, at a higher rate than the dynamic derivatives of the displacement curve from which
pressure decreased in the blast wave, producing they were obtained caused unreliability of the
a net increase in drag pressure here. data here.

The average value of drag coefficient over Oscillations, the frequency of which was
the supercritical Reynolds number regime was about 200 Hz, are clearly shomn for Locations 2
found generally to increase with the peak over- and 3 in Fig. 2. These were probably caused by
pressure of the location. This is in agreement free lateral beam vibrations since this type of
with the well-known steady flow result that drag vibration had a frequency of about 200 Hz for
coefficient increases with flow Mach number. both test cylinders, which were hollow and prac-

tically identical in weight and construction at
In Tables 2 and 3 the average drag pressure these two positions. Smaller amplitude vibra-

was always found to be higher than that which tions with less clearly defined frequencies are
would be obtained by averaging the numbers shown shown in Fig. 2 for the solid test cylinders at
in the drag pressure column for each position. Locations 4, 5, 6 and 7. These are probably also
This is because the average drag pressure was mainly due to free lateral beam vibrations. The
evaluated fror the drag impulse, which was the velocity transducer data for Location 1 (Fig. 2)
time integral of all the forces acting on the contained large amplitude oscillations which were
cylinder inciuding the initial dIffraction phase; probably principe'ly due to oscillations in the
while the drag pressure was determined by the large thin walled cylinder used here.
derivatives of smooth curves fitted to the dis-
placement and velocity data. Due to rapidly The camera data indicated dust free radial
changing initial loads, these curves produced flow at Location 1, with the cylinder travelling
ina-curate derivatives and hence inaccurate drag so straight that both magnets could be seen leav-
load resulted over about the first five milli- ing the coils on the same film frame. Also, nearly
seconds of time. Generally, the effect of zero rotation about the cylinder axis occurred.
,moothing by the fitted curves was such that The same conditions were observed in the film from
tie curves yielded velocities greater than zero Location 2 with the exception that a small amount
at time t=O, and lower acceleration in the first of dust was visible.
fe.j milliseconds than actually occurred.

The largest probable error in the results
The velocity of the two cylinders at Loca- wat due to the error in measurement of overpres-

tions 6 and 7, both of which were at the same sure. The error in peak incident overpressure
and higher overpressure locatiost were found to was estimated to be about ± 5 percent. This is
decrease with time in part of the time range of less than the error estimated for Operation PRAIRIE
measured velocity. This behavior is shown in FLAT (2] due to the near proximity and time of ar-
Fig. 2. There are no apparent flow conditions rival detectors from which the pressures were
which can be used to explain th 4 s behavior be- taken in Event DIAL PACK [7]. The value of k,
cause it implies a force in the opposite direc- which determined the rate of decay of the pres-
tion to the blast wave over several m;lliseconds, sure wave was subject to error due to oscilla-
which does not seem possible. The cylinders and tions appearing in the pressure-records (7] from
stends were carefully checked Immediately after which they were evaluated. However, the total
the field trial and no indication of the cylin- error in the overpressures used in the analysis
ders striking the stands so as to slow the cyl- are estimated to be lower than 10 percent at all
inders down was found. The drag pressure, drag times after the blast front. Good agreement is
coefficient, drag impulse, and average drag pres- shown, in Tables 2 and 3 between camera and trans-
sure for Location 6 is shown in Table 3 only for ducer results at the two positions where both
the time interval of the first linear output range methods were used, which indicated the reliabil-
of the transducers [5]. Beyond these times the ity of both. Also the results at Location 2 agree
fitted curves were considered unreliable for de- with the results obtained by the camera method in
termining quantitative results. The fitted curves Operation PRAIRIE FLAT at the 12.0 psi location
do, however, indicate qualitatively that a very (2]. Good agreement between both methods of trans-
sudden decrease in the drag coefficient occurred. ducer calibration was found for all positions ex-
There is a possible explanation for this sudden cept Location 6 where a discrepancy of about 25
decrease. The supersonic expansion phenomenon percent occurred. The calibration by direct
causes a very sudden change in drag coefficient method, used in calibration of the results at Lo-
in the vicinity of Mach 0.5 at supercritical Rey- cation 6, is reliable because it was done after
nolds numbers. The drag coefficient drops by a the trial and carefully checked for errors after
factor of about 4 as the flow Mach number de- the ditagreement was found.
creases through the critical regime (9]. For
Locations 6 and 7 the high mean drag coefficient The slope of the straight lines in the log-
oefor-e the sudden decrease in cylinder accelera- log plot of drag pressure impulse versus incident
tion indicates that the cylinder was in the overpressure (Fig. 5) shows that the drag pressure
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impulse after 10 to 20 milliseconds varied ap- PACK" (U), Suffield Technical Paper No.
proximately as the square of the overpressure 382, Unclassified, 1971
(the slope of the 20 ms line yields an exponent
of 1.9). The results of strain measuiement on 6. R.C.M. Wyld and G.P. Smart, "Canadian Par-
the lattice masts indicated that the strain in ticipation in Event DIAL PACK", Suffield
the masts varied as t;.o square of the overpres- Memoranduw No. 57/70, Unclassified, 1970
sure also, and that the quarter periods of the
fundamentil modes af the largemasts were about 7. J.H.B. Anderson and W.J. Fenrick, "Canadian
12-1/2 millisecond& LIO]. Th;s indicated that Overpressure Measurements Carried Out on
the load imparted to the mast by the blast wave Event DIAL PACK", Suffield Technical Note
was directly proportional to the drag pressure No. 296, Unclassified, 1971
impulse for t0e quarter period of the fundamen-
tal mode. Consequently, strains in the mast 8. H. Schlictiing, "Boundary Layer Theory",
members in the elastic regime can be estimated McGraw-Hill Book Company, Toronto, 1960
in the pressure range tested, at least, when the
drag pressure impulse is known. 9. S.F. Hoerner, "Fluid Dynamic Drag", S.F.

Hoerner, 2 King Lane, Greenbrlar Birch
The acceleration coefficler L for each cyl- Town, N.J. 08723, 1965

inder was never greater than 0.050 in the time
range tested. This indicated that f'luid accel- 10. O.S. Walkinshaw, '"Study of Shipboard Anten-
eration is unimportant because the work of Keim na Masts Under Blast Loading", Suffleld
[ll] and Selberg and Nicholas [12] has shown Memorandum No. 25/71, Unclassified, 1971
that the effect of fluid acceleration on the
drag coefficient is substantial only when the 11. S.R. Keim, "Fluid Resistance to Cylinders
acceleration coefficient is greater than 0.20. in Accelerated Motion", Procs. of the Aper.

Soc. of Civ. Engs, J. of Hydraulics Dlv,
CONCLUSIONS Vol. 82, HY6, PAPER 1113, 1956

The hiqh speed camera method and velocity 12. B.P. Selberg and J.A. Nicholas, "Drag ro-
transducer method were both found to be reliable efficient of Small Spherical Particles",
for measuring aerodynamic loading of the circu- AIAA Journal, Vol. 6, No. 3, March 1968
lar cylinders tested in a large spherically ex-
panding blast wave. Drag pressure, drag pres-
sure impulse and drag coefficients obtained by
these methods are listed in Tables 2 and 3 for
cylinders tested at peak incident overpressure
locations of 5.9 to 20.5 psi. Also a summary of
the drag coefficients obtained is given in Table
4.

The velocity transducer method could be used
at higher overpressures. In future trials new
drag information could be obtained at these lit-
tle explored pressures.
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DIAL PACK BLAST DIRECTING EWPERIMET

L.E. Fugelso, S.F. Fields, W.J. Byrne
General American Research Division

Niles, Illinois

A two-ton TNT blast directing experiment was
undertaken to extend the capabilities of the blast
directing technique and to verify the accuracy of
code predictions and predictions based on scaling
considerations. This experiment was conducted at
the Defense Research Establishment (Suffield, Alberta)
of the Canadian Department of National Defense as a
part of Operation DIAL PACK. Several individual TNT
charges weighing 66 pounds each were distributed over
a semi-circular disx 37.5-feet in radius and detonated,
causing an air blast which was measured by total and
side-on pressure gages placed in the one-dimensional
flow region and beyond. On the blast axis, ground
motion induced by the air blast was also measured.

The experimental data have been correlated with
smaller yield blast directing data and theoretical
predictions, and compared with data from larger yield
HE hemispheres. These results show that the two.-ton
TNT blast directing experiment simulated the air
blast, over a limited area, from a larger yield
HE detonati.on.

INTRODUCTION discs indicated that this type of planar array
could generate a blast wave with enhanced. dur-

The basic concept of the blast directing ation, over a limited area. The current exper-
technique is that the detonation of explosives iment was undertaken to extend the capabilities
distributed in a planar array can be used to of the technique and to verify the accuracy of
generate an air blast whose time history at code predictions and predictions based on scal-
a. given peak overpressure will simulate the ing considerations.
blast wave generated by the detonation of a
TNT hemisphere of larger yield. It is well The experiment was conducted on August .6,
known that for equal weights of explosive 1970, at the Defense Research Establishment
charge, the pressure decay associated with a (Ouffield, Alberta) as a part of Operation DIAL
one-dimensional blast wave is much less than PACK.
that accompanying a spherical blast wave. Blast
characteristics in the first case are similar Figure 1 shows the plan view of the exper-
to those occurring in a shock tube while in the iment. There is a triangular region in which
second case they are similar to those produced the blast wave generated by the system is plan-
by an unconfined explosion. For this reason, ar. The region in gradually eroded by a rare-
the blast directing technique can produce blast faction wave emanating from the edge of the
effects which appear to have been produced by array. From strong shock theory the extent of
a much larger explosive charge than what has the plane wave region can be calculated. Tle
actually been used. This technique therefore maximum extent along the blast axis is V67 R,
makes it po'islble to study various air blast where R is the radius of the TNT array. In
effects with substwitially less explosive than addition, that, part of the plane wave region
would normally be required. with duration longer tiian the decay time to

half-peak pressure hai3 a maximum extent of
1'revioi experimenta at the General Ameri- 1,241R along the blast axis. It Is In this re-

cuui Research Division's 3IL1llistic Test Station gion clove to the array that the optimum zone
with 100 pounds of T11T distributed over half for duration enhancement of the blast wave
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occurs. However, the plane wave region does the center of mass of each charge was 6-"
not start at the array. Closer in, the shock and the horizontal spacing was 61-3"; these
waves caused by the individual charge detona- dimensions were chosen to attain a uniform
tions will be discernable. charge density per unit area. The area density

of the areray was 1.80 lbs TNT/ft 2 .

I~ ~ ~ A REG(~M& IONt(0 WHERE ThE

Fig. ~ ~ ~ ~ T 1AL - PlaK ViewILSA ofBatDrcigEprmn

The. b last Viwod sirecting conxppweriginate

by Balcerzak, Johnson and Kurz [1]. They made
numerical computations of the pressure-time
histories in the one-dimensional flow region
behind the blast front for discs of TNT, PETN
and CH4/02. In the one-dimension~al flow region,
shoke douraythen froi te hrialof-p hea planare-L .
lhone duaytiohfo thme arrivalfpa ofvterplanar
sure is attained than for a hemispherical ex-
plosive charge of the same weight. Lindberg" [2] ENLARGED DETAIL
in a study of blast wave simulation techniques,
came to a similar conclusion using the theoreti-
cal similarity solution pressure-time histories Fig. 2 TwNo-Ton Blast Directing Experiment
for- one-dimensional and spherical blast waves Charge Array'
(the similarity solutions are due to Sedov[3
and Korobeinikov (4] ). Lucole and Balcerzalk 5
experimentally verified the concept for 100- LlEach 66-pound tandem block was mounted in
pound charges of TNT, Primacord and CH4 /02 the array in the following manner. Two strands
(in a disc-shaped balloon). Lindberg (21 con- of 400-grain per foot Primacord, each strand
ducted similar experiments using Primacord and consisting of four strands of 100-grain per foot
sheet explosives. Primacord in parallel, were placed between each

pair of 33-pound blocks; the blocks were mounted
between two 1/4s-inch thick sheets of plywood;

EMERDIENTAL PROCEDURE and this whole rig was suspended on steel cable
from the charge support structure. A hole was

Nwo tons of TNT were- distributed in a plan- provided through the center of the TNT blocks
ar array over a half circle of 37.5-foot radlus. for the steel cable. The Primrtcord was used to
The charges in the array were composed of i detonate the TNT. Photographic records from
number of 33-pound cast TNT blocks, each block previous experimental tests of individual 66-
measuring 12 by 12 by 4 inches. The blocks pound tandem blocks indicated that detonation
were suspended from a charge support system ultimately ocýcurred with this configuration. A
constructed of telephone poles, wood beamu and detonation cord assembly was constructed to en-
steel cables. A drawing of the array showing sure simultaneous detonation of the array.
the details of the charge aisembly is presented Equal lengths, 86.7 feet, of speed tested Prima-

fein Figure 2. There were~ io, charge locations; at cord ran from the detonator to each TNT block.
60 of these were two 33-pound blocks, while The detonation velocity of the Primacord was
single blocks wi~ee ut the remaining two loca- 22500 1 1100 feet per second. Dual 7-grain PETN
tions. The tufal weight of TNT was nominally detonators (Type X - 128 High Energy Seisatocaps)*
4026 pounds. The actual weight of each block were used to ignite the Primacord.
was V2.( pounds, so that the total charge weight
was 39(y( pounds. The vertical spacing between TM Canadiwi Industries, Ltd.
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The detonation and air blast were moni- less thai 0.1 millisecond separated the indivi-
tored by pressure gages. Both total pressure sual detonations, Figure 7 shows the fireball
and side-on pressure were measured. BRL had after the individual fireballs have coalesced.
the responsibility for emplacement of these Post-shot inspection of the blast debris about
gages, as well as recording and reducing the the test site indicated that the detonation
data. Figure 3 shows the locations of the was symmetric about the blast axis.
pressure gages. In addition to the gages
shown, two gages were installed on the blast Typical experimental overpressure-time
axis 530 and 850 feet from the array, The records taken at ranges of 10, 50 and 105 feet
total pressure gages were approximately 1.5 along the blast axis are shown in Figure 8. The
feet above the surface, while the side-on gage at 10 feet shows several peaks which are
pressure gages were flush-mounted in concrete attributable to the signals from individtual
pedestals. Photographic coverage of the event charges. The first shock that passes the gage
was provided by several Fastax and Pillikin at 50 feet is planar; the decay of the pressure
cameras, behind the shock ir that of a plane shock until

a rarefaction wave frrom the edge of the explo-
Ground motion gages were placed along the sive array arrives. When this rarefaction wave

blast axis at 1.5-foot and 5-foot depths. arrives, as indicated by the small arrow on the
Either accelerometers or velocity gages were graph, there is a sharp break in the pressure
used. Figure 4 shows the location and type decay curve. This change in slope occurs at
of each gage. WES had the responsibility for smaller time intervals after the shock arrival
installation of these gages and the recording as the range from the array increases. The
and reduction of the ground motion data. decay rate before the arrival of the rarefaction

wave is roughly half the rate thereafter. The
overpressure-tise profiles at the 105-foot gage

EXPERIlENTAL RESULTS locations shows a smooth decay after shock arri-
val.

Figure 5 shows the sequence of the deton-
ation from the front of the array. The framing Typical ground motion records are shown in
rate for this sequence is 5465 frames per Figure 9. The vertical and horizontal acceler-
second. Figure 6 shows a close-up of the ations, velocities, and displacements, which
ignition of the Primacord system. Ignition were integrated from the acceleration record,
of the TNT blocks was very nearly simultaneous; are shown for the 50-foot range, 1.5-foot depth.

W ' I' 1 • W' 1W

o~ AN K VNOW 16
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Fig. 3 - Blast Directing Experiment Fig. 4 - Location of Ground Motion Gages
Gage Locations on Blast Axis

177



TIME TIME TIME

96-074 ....... l . 4

C 53 68

- 033

Fig. 5 -Framing Camera Sequence of~ Detonation (Front View)

', 44

Iz~t aailble ~ Fig. 6 -l~i~tija of Zjetvuiition Curd Ase~rubly

178



IIl

Fig. 7 - Fully Developed Fireball (Front View)
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Fig. 9 - Typical Ground Motion Records at r = 50 Ft. Z = 1.5 Ft.

DISCUSSION OF EXPERIMENTAL RESULTS plotted on the graph, together with the AFWL
two-dimensional axisymmetric code predictions.

According to strong shock theory, the max- The AFWL code predictions start with the TNT
imum extent of t• plane wave region along the charge distributed in unequal tori. Also shown
blast axis is Y6 R, where R is the radius are the points from the 100-pound TNT blast di-
of the array. Dimensional analysis indicates recting experiments. [5] Figure 11 shows the
that for a given peak overpressure, the distance peek overpressure versus scaled range data
from the array scales inversely with the charge for the gages beyond the plane wave region.
weight per unit area within this plane wave
region and inversely with the cube root of the
total charge weight for the region beyond.
Close to the array, the shock waves caused by
individual charge detonations will be discerni- At ,," W.0MW,"

ble. In this region, another parameter, namely, : .M.IN L

charge spacing over the cube root of the indivi-
dual charge weight, must also be considered. .

Insufficient data were taken in this region for 4M . %, . ".".

comparative purposes. However, the peak over- ",, .
pressure versus scaled range data together with *.,.

the results of the AFWL two-dimensional axi- M0
symmetric code calculations shown In Figures . ... *.sa
10 and Ii Indicate that this region extends for
at least 5 charge spacings from the array. "
This conclusion is itn general agreement with the ,.
results of additional AFWL codu calculations for 4- .
peak overpressure versus rwage for ta Infinite **,..

line charge distribution Lad an infinite line ".
of spherical charges.

Figure 1u shwow the peak uverpo•:niurte -

versus scaled rantge data in the piano wave 4.)

region. In this figure, x is the ra-ge tro- , '
ured perpondicalar to the platua of the array.
The similaurity solutlor. fur an Infitnite shcet
exl-loslve due to Kurobeilnikov [4] Is also Fig. iU - Peak Overpreuutre Va. Bunge -

01e 1u Dimslazaifniti Fl.w H,,giovia
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In this figure, r is the slant range measured scaled using total charge weights of 1600
from the center of the array. The AFWL code pounds and 3977 pounds. Once again, reasonable
predictions, the 100-pound data and experimen- agreement is obtained between the AFWL code pre-
tal data for the detonation of a TNT hemisphere dictions and the blast directing date using

[6j are also shown on the graph. In both. the lower effective total charge weight. The
figures, the two-ton blast directing data have positive phase overpressuro impulse data in
been scaled using a total effective charge substantially enhanced in comparison with the
weight of 1600 pounds. By scaling the data in curve for a TNT hemisphere in this caue, par-
this manner, a concurrence of theory, scaled ticularly in the range corresponding to the re-
predictions and two-ton blast directing data gion near the fireball.
is obtained.

Essentially the same positive phase over-
4 LSUUNOUVIOpressure impulse data presented in Figure 12 is

...... iesuto plotted versus peak overpressure in Figure 13.
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Itt Fig. 12 -Positive Phase Overpressure
-I. Inpulse Vs. R~ange
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Fig. 11 -Peak Overpressure Vs. iHange - "'iNao Us
Beyond One Dimensional Flow Region

The low effective total charge weight is A-% o'N.W NU h

attributed to the finite induction distance --- IUNI

necessary for sympathetic detonation of the
TNT as cast, The shock induced in the TNT -

by the detonation of the Priiscord must propa-
gate a certa.4n distance before a self-sustaining
idetnation eidenertated Theeis sutome distanc
imentoatioevisdenertated theeis snutone ditnepr-. .

Ic about 14 inches for the 12 b~ 12 by 4-inch P.

cast Thr blocks at Suffield.' f7,8] "holl
conclusion in this case is that in each block 4 00
the TrNTl contained In 6-inch diameter cylinders
surrounding the two Primucord atrns.-d deflagra-
ted rather than detonlated. That Is, 1 5 percent 1
of the TNhT deflagrated. Thus the effective
total charge weieht for the shock front over-
pressures is about 1600 pounds.

S3calejd positive phase overpressure inpulse o
data is plotted versus scaled ritnge in Figure

and AYFWL code predictions for both one and two
tons of' TNT. The blast directing data has been Fig. 13 -Positive Phase Ovorpreý,sure

Im~ulse Vs. Peak Overpremsure

'0 tgeter wth he urverora 
TT heispere181



This particular plot in not very informative of clay overlying bed rock. Above the water
as to the effective total charge weight for the table, at a depth of 25 feet, there is a dry
blast directing experiment. This is due pri- clay with a P wave velocity of about 1050 feet
marily to both the positive phase overpressure per second. At the water table, the P wave
impulse data and the peak overpressure data velocity Jumps to 5100-5500 feet per second. [10)
being lower than expected. Nevertheless, en- The observed wavefront patterns are P waves
hancement of the positive phase overpressure attpched to the air shook which is supersonic
impulse data over the curve for a TNT hemisphere with respect to the upper, dry-claV layer.
is again evident, particularly at high peak Later portions of the motion profiles indicate
overpressures. either reflected waves or refiz.cted wavt. from

the top of the water-saturatea layer or from
Cube root scaling has been used in both bedrock; or directly transmitted waves from

Figures 12 and 13. This is not strictly correct the explosive erray.
for data obtained at points close to the blast
directing array due to one-dimensional flow Lee,,6

effects. The curves based on the AFWL code . mbe?". PAW

predictions give an indication of this. The , 9 &S?*N? PL*I I&
most interesting one-dimansional flow effect in 10 A . SN,,* P.AINI

can be seen in Figure 13 where the region of 6 FLAT TOP I"

significant enhancement extends to lower peak VIa? TO m

overpressures for the lower Lharge weight WAL PACK SL.SV e.mct,,e
(1 ton). Finally, while the blast directing 9 *11*6o LATC

data has been scaled using total charge weights * a

of 1600 and 3977 pounds for these two figures, 4
an intermediate total charge weight might also i =. a

be appropriate, since the impulse data un- ' , 9

doubtedly was affected by the TNT that deflug- I. -+
rated as well as the TNT that detonated. - a .

Vertical ground motions induced by air
blast loading may be correlated on the basis of
ground motion-to-air blast ratios. The ratio oi l ._.

of peak vertical acceleration-to-peak over- . Ic am 200
pressure versus peak overpressure and the ratio PEAK OVCRPRESSURE -pb.

of peak vertical velocity-to-peak overpressure
versus peak overpressure are shown in Figures
li and 15. On eAch graph, the same parameten-3 Fig. Ace Grouad Motion Correlation, Peak

are plotted for the ground motion of the blast Acceleration to Peak : Overpressure

directing experiment as for several spherical Ratio Versus Peak Overpressure

and hemispherical TNT detonationc in the same
soil. Included are the Distant Plain Events 6
lA and 3 and the Flat Top II and III events [91.
The overpressures used in the calculation of
these ratios were not corrected for initial
pressure in order that the comparison with the . ,e ...
other ILE data, also not corrected, but at the 0 DISTAN PLAIN
same initial pressure, might be shown. - "i 041? IA• , $a

same . 951N* PLAW 3

The blast directing ground motion points IA? "OP :1

fall within the scatter of the other HE exper- SI m? -In"

iments. The general trend in both graphs is 6 * SUMS ILGCIYY
a * "IISRIAta? AW1IAWIOU

toward lower velues of these ratios with in- -- TONS5
creasing peak ,verpressure. -o - . a

The magnituies of the peak vertical velo- "
city attenuate with depth, averaging 32% less
at the 5-foot depth than at the 1.5-foot depth. *

For comparison, the Distant Plain 6 attenationr
was about 40% in the same overpressure raige.
This difference may be attributed ta the much r
smaller net yield in this experiment or the M 9=...

ausociated shorter positive phaae duration. "Al ovr".Rssust •-0,.

The ground shock profile is plotted in
Figure 16, using the time of arrival for air Fig. 15I-round Motion Correlationv Peak

shock and ground shock measured from the deton- Vertical Velocity to Peax Over-

ator initiation. The soil structure in the pressure Ratio Versus reak

general area consists of a 200-foot thick layer Overpressure
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1,-- The experimental results of these tests verify
the blast directing concept. The data taken
in the tvo-ton test vas somewhat anomalous." i'.,,. ,...." " " While the results are explainable, the use of
this corrected data should not be used to ex-
trapolate to much higher yields. Another blast

-X larger yield should be conducted to (1) alimin-, "-" -. • ,. at* the anomolous lover faeld Cantor and (2)S•fto obtain a statisti caly. si gnift cant basis for/ / / /extrapolation to higher yields./ to dbtai a statsticall .... iicm - aa
-,0 S - I *

MM '2, ,The array as designed alloyed the develop-
ment of a one-dimensional flow region only at
ranges where the peak overpressure was less.Fig. 16 - Approximate Location of P Wavefront than 100 psi. Smaller individual charges andDue to Blast Directing Array smaller charge spacings are recommended to
give a larger effective test region with higher

CONCLUSIONS AND RECOMMENDATIONS

The detonation efficiency of the recastThe blast directing array generates a TXT, with regard to the peak overpressure andpressure wave which, in a limited area extent, positive phase overpressure Impulse data wassimulates the blast wave generated by the deton- somewhat less than 50%. Better preparation ofation of a larger yield hemispherical charge. the TNT is necessary and/or a better ignitionThis effect is most pronounced in the high system should be devised to ensure more completeoverpressure region. Sufficiently close to the detonation of the TNT. This recommendationarray, the radius of curvature of the blast includes further investigation of the ignitionfront is larger and the time of decay to half- and detonation of cast TNT. As an alternative,peak overpressure, for example, is extended a different, more sensitive explosive such ascompared to a hemispherical burst of the same Pentollte could be used.
weight.

This work was conducted for the DefenseAt the conclusion of this test, five blast Atomic Support Agency under Contract DASAdirecting experiments with TNT have been per- 01-TO-C-0107.
formed, four at 100 pounds and one at two tons.
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DISCUSSION

Mr. Hughes (Naval Weapon Evnluation imate the array. This was a two dimenalosAl
Facility): Could you give me the name f Mhe axisymmstrlc code.

MrWLode and an individual contact at the
Air Force Weapons Laboratory? Mr. Baker (Southwest Reserach Institute):

Some years ago I think the people at 2anford
used small arrays of primacord or strips of

Mr. Fields: The individual was Charles deta sheet to do something similar to this, that
Needham, rtVeve, and I do not remember the is close-in to give a more nearly plane rather
name of the code. I should add that the Air than a spherically diverging shock. Do y7u
Force Weapons Laboratory not only did the koiw about this?
exact or copredictions for this experiment per
se, but they also studied line charge dlstribu- Mr. Fields: Yes, as a matter of fact one
tion, fully linear line charge distributions, and of the referemce for some other similarity
one consisting of spherical charges on a line. solution work that we do was by IUnderg and
The copredictions here were not for an array his experiments on a much smaller scale. I
exactly as shown. In reality the copredictions believe he was interested more studyig sae-
were for torria of charges that were unequal flected pressures but the Ideas are.qtdte simn-
in size, sort of a geometrical layout to appro- lar.
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BLAST FIELDS ABOUT'ROCKETS

AND RECOILLESS RIFLES

W. E. Baker, P. S. Westine, and R. L. Bessey
Southwest Research Institute

San Antonio, Texas

This paper summarizes the results of an extensive series of measure-
ments that were made on the blast fields generated by recoilless rifles
and six different types of solid-propellant rocket motors. Peak over-
pressures and positive impulses are reported for blast waves in free
air as well as waves reflected from plane surfaces located near the
weapons. Test techniques are also described. Model laws are given
for scaling pressures and impulses in the blast fields about recoilless
rifles, and these laws are corroborated by comparison with experi-
mental results from these and previous tests. Attempts made to gen-
erate scaling laws for prediction of blast parameters about rockets
proved unsuccessful. Significant differences were observed in the
characteristics of pressure fields generated by different rockets, and
these differences are discussed in this paper.

INTRODUCTION rifles. Also. until now, absolutely no recoil-
less rifle reflected pressure or reflected im-

A gun, fired in the vicinity of an aircraft, pulse data existed: hence it has not been pos-
boat, armored carrier, or personnel, emits a sible to estimate the transient loads imparted
severe blast pressure wave from the muzzle to a panel by a recoilless rifle breech or
(and breech if it is not closed-breech), which muzzle blast.
can cause selious damage. In 1968, experi-
mentally verified scaling laws were developed Even less blast pressure or impulse data
which permit the prediction of muzzle blast near rockets have existed to date. Three data
pressures and impulses in the free field around points [I I] for blast pressures from rockets
muzzles of closee'-breech weapons, and im- (imparted to the tail boom of a UII-IB hell-
parted to panels underneath them fl,laJ. Open- copter) were.known to the authors by 1968 [1].
1breech weapons, such as rocket rniotors and re- Since then, some peak pressure measurements
coilless rifles, also emit severe blast pres- were reported by Groetzinger [12. 13] for sev-
sure waves. The primary purpose of this eral modifications of the Light Antitank Weap-
study is to develop scaling laws for predicting on (LAW). Unreported data on LAW and 2.75-
the blast pressure and impulse fields around in. rockets were also available from person-
these types of weapons. This paper summa- nel in the Human Engineering Laboratory at
rizes a much larger report [2] which should be Aberdeen Proving Ground [14]. Unfortunately.
obtained by those wishing greater detail, the rocket blast data from these sources were

recorded at only two locations (one at 2 meters
To date. fewer blast pressure measure- from the breech of the weapon, the other at the

ments have been made about open-breech (re- gunners' head positioni.
coilless rifles) than closed-breech weapons.
Peak free-field overpressures have been mea- Although these more recent data are use-
stared and reported in some tests [3 through lO fail. they are too limited to define blast pres-
however. until now. insuifficient free-field ir- sure or impulse fields. Absolutely no reflected
pulse data [3, 8, and 9j existed to create a pressure or reflected impulse data presently
:icalirng law for any blast property other than are available other than the three data points
-cak free-field overpressure about recoilless referred to in Ref. f• .

185



In order to conduct a similitude analysis surveyor's transit and measuring tape. The
and to empirically generate som- procedures free-field transducers were mounted at the
for predicting peak pressures and positive im- ends of 4-ft tubes which were in turn attached
pulses from rockets and recoilless rifle blasts to vertical pipes on tripod mounts (the gage
in the free field and incident upon plane sur- array for 57-mm recoilless rifle tests is
faces, it was necessary to take our own data shown in Fig. 1). The flush-mounted trans-
about recoilless rifles and rockets. In this ducers were fitted into silicon rubber shock
paper, we summarize a blast pressure and mounts in reflecting surfaces consisting of
impulse measurement program to obtain data large plywood tables covered with 1/8-in.
in the free field as well as upon reflection aluminum sheets. Additional 4- X 8-ft area
from a plane surface. We will also describe tables with no aluminum sheet covering were
a procedure developed for predicting pres- abutted to the tables containing the transducers,
sures and impulses around recoilless rifles to present an effectively infinite plane forblast
and the difficulties encountered when attempt- wave shock reflection.
ing to generate a similar procedure for pre-
dicting blast characteristics of rockets. After emplacement of the pressure trans-

ducers, the weapon being tested was mounted
DESCRIPTION OF EXPERIMENTS on the thrust stand and fired. For each weap-

on and configuration of pressure transducers,
The 138 experiments in this project were several tests were conducted. Usually, the

conducted at an outdoor testing range located first test of a series was played back imme-
on the Southwest Research Institute grounds. diately and the oscillograph records developed
The primary test area consists of a reinforced to check amplifier settings. Adjustments were
concrete pad, with a support and thrust stand then made and two or three additional tests
located at its center. The thrust stand is conducted. This process was repeated, chang-
oriented so that weapons mounted on it are ing gage locations, until the blast field was
aimed at an impact area built, into the side of surveyed as completely as possible.
a hill, about 150 feet away. Instrumentation
is housed in a semitrailer. Blast fields were measured about the

following weapons during this program:
The same basic instrumentation system

was used throughout the test program. Blast (1) 57-mm recoilless rifle, MI8AI (the type
pressures generated by the weapon upon firing of shell fired from this rifle was a train-
were sensed by piezoelectric transducers and ing and practice round with a small spot-
the signals from the transducers amplified by ting explosive charge, with designation
multi-channel amplifiers. The amplified sig- M306AI).
nals were transmitted to the input electronics
of a multi-channel magnetic tape recorder lo- (2) 2.75-in. rocket motor, Mark 40 Mod 3,
cated in the instrument trailer. The taped with propellant grain Mark 43 Mod I
records were played back through galvanom-
eter-driver amplifiers and recorded as analog (3) 2.75-in. rocket motor, Mark I Mod 3.
signals on a multi-channel galvanometer with grain Mark 31 Mod I
oscillograph. The tape recorder has FM
input and playback electronics, with a fre- (4) 5.0-in. rocket motor Mark 10 Mod 7
quency response flat from 0 to 400 k11z. To
utilize this frequency response and to expand (5) 4. 5-in. rocket T46
the short-duration blast records so that they
could be manually reduced, data were record- (6) 4.5-in. rocket TI61ES
ed at 120 ips, and played back at 1-7/8 ips.
The galvanometer oscillograph was run at 32 (7) 66-mm rocket M72AI (LAW).
ips for analog recording of all records. The
upper limit on frequency response for the All of the rockets were provided with inert-
system as described above is dictated by the loaded warheads. Only the 66-mm LAW rocket
frequency response of the galvanometers, had a burning time sufficiently short to allow
which was 3Z kliz. flight during test. Both free-field and reflected

blast wave measurements were made for weap.
The actual testing procedure was essen- ons (I) through (3) while only free-field inea-

tially the same for all experiments. First, surements were made for weapons (4) through
the pressuare transducers, either free-field or (7),
reflected, were mounted and their locations
determined relative to the weapon by using a
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Fig. 1. Field Setup for Free-Field Blast Measurements
Around 57-mm Recoilless Rifle

The three parameters measured for each that several shock traces were present on a
recorded pressure-time history were: (I) peak givtn channel, the blast parameters were cal-
overpressure. (2) impulse, and (3) overpres- cilated for the most prominent. Complete
sure duration. Also, time of arrival data were num.rical data are given in Appendices to the
measured in mn.ny cases, although some diffi- Final Report !2i.
culty was experienced due to the lack of defini-
tion of time zero. Peak overpressures were RESULTS
obtained by measuring the peak of the shock
trace directly from the records with a rule There are a number of characteristics of
graduated in 0.01-in. increments, and multi- the weapons we tested which can conceivably
plying by the appropriate transducer and be correlated with the blast field generated
system calibration factor. The time duration when the weapons are fired. Some of these
was obtained by measuring the shock trace characteristics are available In technical
duration from the records and multiplying :y manuals .-d ordnance publications describing
the reciprocal of the recording oscillograph tht- we'pons. These references do not list
speed divided by the tape recorder speed re- all of the characteristics which may corre-
duc:tion of (4. The impuilse was obtained by lato: with the blast field. We have. therefore,
measuring the area under the shock tra.es supplemented information froin these manuals
with a planimeter and multiplying by both of with measurements which we have made or.
the previously- mer.toned multiplicative disassembled or burned-out rocket motors
fai-tots, and with data available from other sources.

The characteristics of the various weapons
All data were sorted, and the fina! results are summarized in Table I. The first four

wvere calc ulated by (omputer. In the event columns describe the geometry of the rocket
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TABLE 1

Wcapons' Characteristics

.J a X 10al Averaee f f
69 &i.re Ar.a jArea Prop. Wt. Time Pressutre Rtoun uzl

Weeae t'L.ieit ~ .. aJ ti.)~ is.2 (lit.) Isc. Data) (Wt.. lb.) Vol..(fos) Remtarkse

57.mm. RAceill0#0 067 Fine-grained propellant
_14n.. MIMAI 31S3.0 6.45 .71 7 10-1 32oo 278 l00 contained in plastic sack

I I i Aellcasing.

".nu LA 2~~ 3 9 hollow cylindrical
3472AI S. Lt. t.Z4 0.607 i.~ 0.14 S.9 t) 00u 1.32 8 rpeln grains.

2.75-is. Rocket Motor 1 1.6Single propellantgri
Gmaa 5UC43 Mad I I 36.'t 2.60 0.,284 1. 36 5.9 1.69 1050- (burut) 2300 hole.

5- 0-ia. 3ttw Uiottr 0.I 1.4

UNL~ 10 -o .Po.26 -z I Single cruciform pro-
_____ ~.•~- 1 01. oninall 910" 114 1150 plln gan

Ori.o Ukl I I 4d 0 4.34. /Z'6I-. atetgan
~~~~~3 It 4011- illow cyindr;calT . 2 o 4.?1 4.7s 0.10-0,36 920** 4. 56S Sraiis of double-1,s

1(5 14 ____ - propellat,¶

S-^. 3.5 77 .5u9 ao 4. 7 holl~ov cy lindr:,a

Th~~r..~th~sd I.25 grains of Aouble-base

rho ;*pet mu'atier g.v-~s the conabieed area -6 thse eiS~* 4mial n~ozzles,
the lacer nusr'>er gives the total *.ve fp. all nozelza ,nlus cemtral htowout area,

Cor puted &s..uvtsa -Sivcherg* toafsflcIet Cn. LJ .Ii6-1 1 0- 3)btruJlb, waC.

mnoto~r cattitg or (.be cl'arnbcr oi Viae recoilless somewhat by design rat-her thar by accident,
rifle. The next I roe c2nne present data ro. Leicauae we wished to study scaling of the blast
iatirtg to the propellan~t. Total weight of pro- fields from rockets and recoilless rifles and
pellant in the round is given for each weapon., needed- to hsive as large a variation in various
followed by a burring tinu,- and an average -chsracteristics as podsible. The 57-mm ro-
chantber pressure within the rocket motor or coillesa rille is in a different clabu from all of
rifim hore,.4 The. rtet two tolurnins present the rocket weapons because a considerable
data for the pru4jectile which 6-an Alow, calcula, quuntity of xýree -field data for recoilleies rifles
tico.r of its. naxim~v n kiocdtlc energy. Some re - exiets and also becstisc-it is fundamentally a
*marks concernming the propellanmo uofd in each different tylie -,f weapor, with mulkiple rather
weap~n are given in the )a~ct~ z.than single blast rourceo.

Frofn. Table 1, if. cap bk' seen that thers is M~an Parameters for 5,7-mm Recoilless Rifle
a wide range tof characteristics in the weap~ons
whit-h ve-tested.- Some cantaii, smnall amoourts A typical set of free-field blast reco~rds
of propelaritt atie i.av'e very short barning for this weapon is shown in Fig. Z.. This figure
times. some contain intermeia~ete quantities of shows the analog playh!%ck, with one channel
propollant. 'and have mwuh longer burning repeated on both playbacl% records for time
times, whila the weApou with The largest correlation. To an experimenter accustomed
ficyrount if plopellant hna ^n intermediate hurn- to mneasrimng air Mlast wuves from compzru-
i~ig time. 'This variation is,- of course, caused lively "cican' sources, such asi spherical ex-

plosive charges, theee records inay seem to
-. .. .~.be quile comnplex. On many of the trtices.

multiple shocks art evidiqnt., and relatively
Thtý chbiunLer,~ pressure indicated by a d"uola slowly rising pfessureu are apparent for vomne
astfrt.-iiý In the table were coxnp'ued from the of the gage traceit. These are simply the
formida PC = A/C,)At., where &I is mass - irharacbsristics 3! the prwasure-Lime historien
btirning rate, VD~ ic a. discharge cootfivtont. that can bes expwrted.'romn a complex pair of

ad A t is throxf area. The term, CtD was blast sourcon, stich as the bretch aud muscle
coptdfrom this fo.4vhula for Ihe LAW W1 the% ree illtrss rifle. '-'nough free-field

r6,k~e( (PC known), sand asisumed conwtart for .. measurements wore tak~r3 to survey tht 61ast
all other 'sockets. -field aibot,. both tI.e breech andl muzzle of the
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intcr.se that the plywood tables used as reflect- Foilo•;ng these ini ti-•l pressure pulses. much
ing surfaces were severely damaged on c',ch \arger a'r.pail.tde and irrelgular pr~asur* fluc-
test Conducted aft of the weapon and close to tuaticnb can be seen. Because of the necemsety
the line of fire. Therefore, although we had bor holding this weapon captive during firing.
intended to completely survey the reflected the latter portions of these traces are pro.
presslure field for four standoff distances from bably not at all representative of th. pressurca•
the axis of the wcnp~oi., wc'. were t,•red to whi,..h would be felt by an observer lkcated near
eliminate many of the planned experiments at a freely-fired weapon. Whereas the character
the smaller standoff distances. Near the of the blast field generatedhby the recoilkess
muzzle of the weapon, the blast field was weak riftl' was relatively repeatable from round to
enough that a more complete survey could be round, the initial portioins of the pressure
r.•ade. Typical data for each round included traces generated by the 2, 75-in. roiket were
peak overpressures for one or more shoeks on quite variahle. Occasionally, single peash •nd
each record, positive impulse starting from definite shock waves would be recorded: how-
the time of the first shock arrival, a.nd the ever, the types of records shown in Fig...3
positive duration of the first chock. Some of wvere much more common. The initial portions
these data will be summarized in scaled plots of these records would exhibit two, three or
later in this paper, even four peaks at times, and the times be-

tween these peaks would differ decidedly from

Blast Parameters for 2.75-inch Rockets round to round. Because of the statistical
nature of t~e data generated dulring these ex-

This rocket generates a pressure field periments, large scatter can be seen in Figs.
which i. totally different from that generated 4 and 5 where the initial overpressuro end
by a closed-breech weapon or by a recoilless impulse are plotted, respectively, as functiuns
rifle. A typical set of free-field pressure- of distance along a line radiating from the
time histories for this weapon is shown in breech of the rocket (at I 350 to the line of fire).

Fig. 3. The preb•.. -tinme histories are For the relatively few rounds where single
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"starting" shocks were observed, the pressure evidence of noise following the initial

and impulse amplitudes were much greater "starting shock" than for the 2.75-in. rocket.
than fcr the majority of the rounds. We Why this rocket should produce so different
thought that the wide variation in pressure sig- a pressure signal than the 2.75-in. rocket is
nal was perhaps due to failures of disc clo- not clear. Both have multiple exhaust nozzles
sures in the four rocket nozzles at different with closures which must blow out on rocket
times. Tests with two or more of those discs ignition, both have relatively long burning
removed before firing, however, showed no times, and both were held captive during the
systematic change in the pressure field, experiments.

Blast Parameters for 66-mmr LAW Rocket Blast Parameters for 4. 5-in. Rocket

Only free-field data were obtained for The 4. 5-in. rockets were by far the oldest
this weapon. Pressure-time histories were of the weapons tested, made in 1944. Of the
similar to those produced by the 57-rrm re- ten rockets, eight were fin-stabilized and had
coilless rifle. Distinct shock waves were a single rocket nozzle. The remaining two
genelated. and there was no later spectrum weapons were spin-stabilized, having multiple
of noise. Data were also found to be rela- canted nozzles. Although somewhat newer
tively repeatable from round to round. Typical than the first type, they were still made many
graphs of overpressure versus distance and years ago. The pressure fields from these
impulse versus distance along a line perpen- weapons varied quite widely from round to

dicular to the breech are shown in Figs. 6 round, often showing gradual rises to maxi-
and 7. mum pressure rather than starting shocks.

A typical Ret o! free-field records is shown
Blast Parameters for 5. 0-in. Rocket in Fig. 8. Because of the wide variability in

data for these old rockets, we have made no

There were only enough rounds available plots of overpressure or impulse versus dis-
for this'weapon to survey the free-field blast tance. As for the 2.75-in. rocket, the pres-
parameters. At locations close to the rocket sure fields Irom these weapons showed large
nozzle, the multiple shocks merged into a noise signatures following the starting shock.

single strong shock. There was much less
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Fig. 6. Free- Field Overpressures Versus Fig. 7. Free-Field Impulse Versus tistance,
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Fig. 8. Typical Pressure Records for 4. 5-in. Rocket

MODELING THE BLAST FIELDS AROUND A similar equation was known to apply for
RECOILLESS RIFLES closed-breech weapons. We will show that an

equation similar to Equation ýI) is applicable
Scaling Peak Pressure to recoilless rifles, but with additional re-

strictions which make another choice of para.
An earlier report [I I showed that the blast meters superior. Equation (1) requires geo-

pressure field around recoilless rifles might metric similarity, 1. e., similarity in length of
be defined by gun and in geometry of nozzle. Many recoil.

less rifles are approximately the same s"aled

Pc3 f (t L1  LjL length. i. e.,. 30 calibers; however, a number
W : c' c of different nozzles can be attached to the some

basic gun (changes in nozzle geometry modify
where the chamber pressures and the rates of energy

release from the breeches). The total cnergy
P peak overpressure release may be only an approximate para-

meter for normalizing breech blast pressures
LIl standoff position parallel to line around recoilless rifles.

of fire
In Table 2. a summary is presented of

L.L standoff position perpendicular to test data taken at Picatinny Arsenal near the
line of fire breech of a 105-mm recoilless rifle 13). All

the data points in this table are for peak pres-
c caliber of weapon sure measured 17.5 ft (L/c - 0. 3) directly be-

hind the breech of the rifle. Although there
W energy in the propellant minus the were small changes In propellant weight

kinetic energy of the projectile. (energy) in these tests, the principle changes
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made were in propellant types and in nozzle where
geometry. If Equation (1) were to apply, the
numbers In the last column of Table 2 should PC peak chamber pressure in the re-
be nearly identical. Instead, they indicate coilless rifle. [All other para-
that Equation (1) furnishes reliable predictions meters are as defined by Equa-
of scaled peak overpressure to only the near- tian (1)].
eat order of magnitude. More accurate pre-
dictions ure desired for most engineering Table 3 presents the data from Table 2
applications, with the resulting peak pressures scaled

according to Equation (2). This table demon-
Equation (I) can be rewritten as strates that Equation (2) is a more appropriate

relationship than Equation (1) for normalizing

P (2) L the blast field about recoilless rifles.

TABLE 2

Blast Pressures 17. 5-Ft Aft of Breech of
105-mm Recoilless Rifle as a Function of

Propelling Charge Weight

Peak Overpres-

sure Divided by
Propelling Peak Over- Propelling Charge

Picatinny Charge, W pressure, P Weight, (P/W)
Test No. (Ib) (psi) (psi/Ibm)

22 2.20 5.71 2.60
25 2.20 3.87 1.76
47 2.70 9.11 3.38
49 2.70 7.08 2.62
62 2.50 1.24 0.497
63 2.50 1.12 0.448
48 2.50 1,25 0.500
69 2.50 1.14 0.457
70 2.50 0. 92 0. 368

TABLE

Blast Pressures 17. 5-Ft Aft of Breech of
i05.mm Recoilless Rifle ann Function o!

Chamber Pressure

Peak Overpres-

Chamber Peak sure Divided by
Pietinny Pressure. PC Pressure, P Peak Chamber. (P/Pc)
Teat No, . (DPl6) -. •.) Pressure

22 5919 0'" . " . 966 x 10, 3

26 Not measured 3.87 Not measured
47 8040 9.11 1. 13 x 1O"-3

49 7411 7.0OA 0.9sS x 10- 3

62 12A6 1.24 0.980 x 10-3
63 1027 1.12 1.09 x 10Q3

68 904 1.25 1.39 x 10-3
69 740 1.14 1.54 x 10_3

70 717 0.92 1.28 x 10"3

U 1.66 x 10-3

O 0.217 x 10"3

o • 18.6%
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Equation (2) for recoilless rifles is consistent
with Equation (3), from Ref. [1). for the blast
field around closed-breech weapons

PC2L (LI I Lj\(3

where I is barrel length. This is because 0
the quantity W/c 2L in Equation. (3) has dlrnen' P t 101
sions of pressure and can be thought of as P
chamber preqsure, or as energy per unit 4

volume, in a gun tube. West n~ e D5 disct ssed
the equivalence uf Equations (2) and (3) In;
great deiail for closed-breech weapons.

A~ A

Chamber pressure is perhaps the most -
appropria~e measure of energy entering the X
air blast. Chamber pressure is affected by0.
nozzle geometry, and thus may indirectly ac-

count for the effects of nozzle geometry on the __________

rate of energy release.
3.0

In the Final Report (21, which we are *400 t10 i 40 4) i

summarizing Ir this paperr, we present a numn-
ber of plots of scaled overpressure. P/PC.. bM. Re!. 'Weapon,
versus scaled standoff position relative to
either the breech or the muzzle of recoilless X SwRI S7-mm MISAl
rifles. One of theme plots is reproduced hire Q ) 90-mtrm T219 (PAT)
in Fig. 9. Experimental test data from nine t0 75 -mit TZI
different sources were used to develop such 8 1OS.mrn T19
plots. Included among these date are the 0 7 7S-nim T21
blast pressures measured In the free space 6 S7.mrn T66 E6
around the 57-mm recoilless rifle in this test 0 4 106. mm Ti7KI1
program. Other data come ftorn Refs, 131 0 9 106-mm M40AI
through fI10]. The Piciatinny experimental test 7 105-mm M17
dalta referrcd to iii Table 4 have also been In- 07 5 7. r1V &I I
cluded in these figures. The variety of weap- 0. 1 1OS .*-V" M2 liti7oditied)
ons being considered is extensive, rankrging
from experimental test guns (T Series) to rilg. 1). Overprosoutes for Rlecoilless
field weapons (M series) and including a range 0.1i11es. &, to Breech
of calibers from 57- to 106-mm. Many of the
weapons are experimental models with solme
unreported gun characteristics Suich as . Thet sraled plots, only one of which to
amounts of propellant or chamber preasuros. shown here. indicate that &lt test data for
To use test data from Refs. 141 througth 181 priessurie. In the (roe Space around recoilless
and Re[. 110). the writers were forced to as- . rifles con he oormalistd into a sintle function.
sums chamber pressures. Chamber pros- Some scatter exist* , but this is understand-

srsfor any of the M series goane ore well- able when ono realites that a -single standard
known and are known for most of the Picatinny deviation at some arbitrary locrtion experi-
oests In flat. 131 because chamber pressure #acing repeat firings will ranite from 9%. to'

was measured for that series of firings. 20's (or a single weapon systont. The scatter
Table 4 summarizes the chamber pressures that can be expected from repeated experi-
that were used for the recoilless rifles. ments to measure muasle blast around closed-
Handbook values of chamber pressure are all breoch guns is discussed In Ref. 115). the
obtained either froth the Final Report giving scatter of the recoilless rifle data Is sarme-
the experimental results or from Re(. 116), what greater: but, pressures showna in these
Some of the assumed values for chamber ptes- figuresi were obtained from various sources,
sure appear to be tW, great and others too with mlwt of the experimenters totally uncon-
little. Nevertheless, a single assumed value crened that any attempt might be made to)
of chamber pressure makes the normalized scale their experimeatal data., Neither the
pressures for all T series weapons satae well. height of gun barrels above the reflecting
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TABLE 4

Assumed and Actual Values of Peak Chamber Pressure
for Various Recoilless Rifles

Maximum
Chamber

Gun Reference Pressure PC (psi) Comment

57-mm-M18Al 2 6,500 Handbook Value

105-mm-modified 3 (Picatinny) Various Measured

106-mm-T170EI 4 30,000 Assumed

90-mm-T219(PAT) 5 3,000 Assumed

57-mm-T66E6 6 12,000 Assumed

57-mm-MI 7 4,800 Handbook Value(nozzle adapter)

75-mm-T21 7 18,000 Assumed

105-mm-MZ7 7 10,000 Handbook Value

105-mm-T19 8 11,000 Assumed

90-mm-M67 91 6,400 Handbook Value

106-mm-M40Al 9 9,700 Handbook Value

57-mm-MI8AI 9 6.500 Handbook Value

75-mm-T21 10 18,000 Assumed

surface or ground nor the height of pressure Equation (4) to define the peak pressures that
transducers .nbove the ground has been simu- are imparted to a panel. Insufficient data
lated in obtaining these experimental results, exist to demonstrate that £qu, !Ion (4) Is *ppro.

In addition, much of the data are very old and priate for recoilless rifles, Unfortunatily,
could lit subject to some systematic errors the relationship between Equations (4) and 12)
because th-. experimenters could not use to- is directly analogous to a similar relatlonship
day's more modern instrumentation. for refleted and side-on pressures around

closed-breech weapons (see Ref. 1I1I. ro
Equation (2) to predict side-on or free- predict the blast pressures imparted to a

field overpressures can be oxtended or re- panel by firing recoilless rifles. we will a*-

written as Equation (4) for the prediction of sums that Equation (4) Is applicable hecause

peak reflected pressures imparted to a panel. Equation ({) Is appropriate %nd because it hoo
Equation (4) defines a three-dimensional been demonstrated that a similar oquation
space works for closed-breech weapons.

P f . , ( 1Sa
PC - t )() . .

Maximum positive Impulse in th fr14
where field around a recoilless rifle appears to.scait

according to
h = height of gun above the plane of the

panel Ic23 eLL~J
X z distance in the plane from point o!t  1/3w/3 c l

interest to line of fire.

It takes advantage of the symmetry which where I is positive specific impulse. This

exists In the free field about the line of fire. particular combination of the pi ameater.,
Placing a panel in the vicinity of the weapon I. c. Pc. and W was thosen because! (1) It
destroys thin symmetry: thus. an additional defines a nondimeasional group. and (ll it

geometric parameter is. required as in works. as; is demonstrated by using experi.
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mental data. Very little experimental free- Ryf. Weao.
field impulse data have been taken around the

mussles and breeches of recoilless rifles: X SwRI 57-rnum MISA!
nevertheless, an adequate quantity is avtllable& 8 105-mr4 T19
from Refs. 13. 8. 9). and the sa SwRi S7-mm 0 9 S7-ms MISAI
tests to demonstrate thai Equiatlon (5) is appli- 0 9 90-mms M67
cable. Filgure tO shows one plot of scaled im-
pulse as a function of scaled position. L/c.
Although the variety of weapons Is not as com- 5
plete as was used to demonstrate these scaling 4
laws for peak pressure. sufficient data do
exist to strongly indicate that Equation (5) Is -
appropriater for nortnalisingl the impulse field
around the breech and musslee of recoilless iwepos. -

The reflected impulse cotetrpart to I
Equation MS) for free-field impulse is

Il " LI, zoo 100 40 10

The addittion of a reflecting surface under the
muscle or breech of a reosilles rifle d. tFit. t0. Scaled Impulse for Recoilless

otroy* the symmetry which exists s4".t the RiAAs, 906 to Breech
Hline of fte it a free field. - To occoupe (or the
additional geometric coordinate. an extre
Neomitric parameter must be added to EqU4,
iton (5). This crtion is similar to thW+ 4etel.

opment of C"Usioas 14) from Equation (2) f(r - , .
posh reflected presure., ,

""redkiniFLFlIRWpetssome or Im~ulie

Figure 1I shows a reoilless41 rifne, aod ~.
two groups of two equatioe* for predicting

• ea p'essure a4mePir etuprise lin the free

fild either forward of the mesaste or oft of the
""bre•ch of a metuews rtine. These "quallo lJ
Ate Eqlioes Ift) nd 44 efi pressed.l In PlaWr
110041dtat tether than rectangular ones, and
weit a eRuectlssal formal seleltd to ctve-At
experimeItal dOta. Tho soid lines drawn on
Pito. 9 soad 10 &Wd othte I lotf jZJ 11 1*4.i.
tall that these e14uatoce fit eperimental tet t
reeultsNo meopditt"Iy well. I

Observe In Fri. II thit peak free field %" .
pre*e6vr# ad ilnopJdee are .. deenodat of the ( • * *o • .- .... 19 ). ,,. 5,.I;', ... ,1
a44le * frorard of the Itu musele. The \*' "•"/

*hlsck emitted (tom the masIlo of a recoilless
tifl, is essertially spherically symmetric
ahWi lth e ossI* of the gun. It Is also much
-•where than the shock emiled from the
breeh. Fig. II. Peak Free- Field Overpressures

Around the Mussles and Breeches
of Recoilless Rifles
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Predicting Reflected Pressures and Impulses impulse data than there are pressure data
available. Units employed for physical quan-

Figure 12 is a plot of peak reflected pres- tities in the scaled impulse parameter are
sure as a function of L/c and x/c for a con- I psi-ma, c = in., PC = psi, and W= Ibm
stant normalized height, h/c, of 18. 0 for the of propellant.
weapon over the firing table. The iiobars in 70
Fig. 12 are const,-nt normalized pressures.
P/PC. which have been sketched from data
for SwRI, 57-mm recoilless rifle tests.
Figure 12 is a graphical presentation of Equa- 5 0.3

tion (4) for normalized reflected peak pres- 50 0.3
sure. Inadequate test data exist to develop
additional figures for other distances between .
the table and rifle, i. e., other ratios of h/c.

In a similar fashion, Fig. 13 is a plot of 30
Equation (6) for normalized reflected specific
impulse when h/c equals 18. 0. The isoclines
in Fig. 13 are for constant values of
Ic/(W2 /3PC'/ 3 ). Additional figures of scaled
reflected impulse for other heights have not
been developed because there are even less

40

Oo-Z0. 4

0. 404 .

So/CY/

6O 1.0
40, 0.7 0.4

i I

40 0. ILIO

60

WO

0 4',
I l Iiu

1.4
0 !Q 40 , .0 Fig. 13. Normalized Reflected hnpulis,

X1, Ic
Fig. 12. Normalized Peak Reflected /3W/3

Pressure, (P/PC) X 101. for (h/c) , 18.0
(or (h/c) - 18.0
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MODELING THE BLAST FIELDS AROUND fore the results reported in Ref. [2] constitute
ROCKETS the first significant group of measurements of

the blast fields generated by solid- propellant
We noted in the previous section that there rockets.

were significant differences in the blast waves
generated by the different types of rockets A primary aim of this program was to
tested during this program. The LAW rocket generate or corroborate laws for scaling of
and the 5. 0- in. rocket both generated distinct blast parameters generated by recoilless
and reasonably repeatable blast waves, while rifles and rockets. We were successful in
the 2. 75 -in, and 4. 5-in, rockets produced generating such laws for recoilless rifles, but
variable, relatively small anmplitude initial could not do so for rocket blast.
pressure waves followed by larger amplitude
'Inoise"l fields. We have come to refer to the A significant featitre of the test results
two types of pressure waves as "bang" or for rockets was that different types of these
"Ino bang". Differences were sought betweei weapons generated distinctly different pres-
various scaled combinations of rocket para- sure waves, with sharp shocks being formed
meters in Table I and with other parameters for some and not for others, and with some
which could be computed from the data, e. g. * rockets generating large-amplitude noise
mass rate of flow, pressure at nozzle exit, after the mnit #1 shocks. The rockets which
etc. No grouping of parameters could be did not produce sharp initial shocks ("no-bang"
found which placed the LAW and 5. 0- in, rockets) also exhibited great round-to-round
rockets in one class, and the 2. 75-in. sad variability in pressure wave characteristics.
4. 5-in, rockets in another class. Furthe:r- while the "bang" rockets showed smaller data
imore, no combination of rocket parameters scatter. Pressure fields meastired for all but
could be found which would scale the blast one of the rockets (6i6-mm L.AWi undoubtedly
fields generated by the two "bang" rockets, represent upper bounds on the actual pressure
Many different combinations were tried, but fields because these weapons were held cap-
none proved satisfactory. We, therefos e. have tive during testing rather than being allowed
a body of blast data for small rockets watch to fly as they wotild be in actual uve,
did not exist before, and which can be useful
in estimating the blast loading of helicopter We (#set that the test resultsi obtained in
structures for four specific rockets of fairly this stu'ly, and the scalinig law for prvdictio~k
widely varying c haracteris@tics., but w# do not of blast from. recolilloes rifles, signi(icantly
have a methiod of prediction for other to,,kets enhance the ability to predict tranabint. presl.
for vvhich no measuirements have lieen niade, siurg loads Itmparted to heli.opters4 airplinesN,
There are sustgeotbnrs in Refs. ~Ilj and It II) ships, and other ob))ects. Thss neaar
that blast scaling correlatos with ma#s nlow first stop in 606tima1tsin the pf~orts of such
rate and/o:r rate of pressure rise nit Initiation Mlast on ptrtlcftirtý 044 wponptielol
of burnitv'g. We had no wsy oi -tioastirieot the
latter parameter. but can show no t rrmiation ACNOWI.AIX;MENTS
with the form'er.

Th# wiiork terported In thisi swtrv *it* sup.
DISCUSSION p-'i"e by 0l-t U5.$., Arnw litaltisrv $Aesesrch

t~amr~',re'eAbe rde.ri ttesen r1cat Dv
In the experimental program reported iipn%#'t Conftr. '-ndevr Contrat4 'No. 0AA04;-

hiere, a largo -body of desa has been venerated 70ýC-13'TQ *with AKjtfWVst lte..sirth Institute.
for the b~last fields about recoillless 0rlta and Throughout the prograrsi. wo receivod crintto
solid- propellant rocket#. All butl a few -of the is.0 aid from vour tachnival monitot. '%r. 0. 1.
I IS twot yielded 'jsof'ldeatA wbhih are prvo I vshin,-i. &Ad troi-i Mt. W~illiam -Noonan of
sented round-by-ro~umdln Roit. Z1,. The pri- the 111TL,~U. Mr. 2.1kiksnn proisl'ed expert
mary data r~portsd ar,* peak ovesproliss.4re guidantw And advice flthrnqhosjt Iihiv program.
and positive impulses. !or fr*,? fie1 ld Iiet %It M. Noonan *,aea inotru")nf'nal lo loviktiog
woklos and for waves refeleced from plane iiur. and t.h-ippint the rvq%.lred ammunitIon. weap-
fates parallel to the lint of fit#e(o the weap-en, 0119; *and'*pars parts. Thaniit sar alt., due
Trhe fr*e-flld data obtained or a 1'7-rn- re. ~ t* *%r. Ateorle Sk. NMurrAv a( Alserdwon 1'uv'
oalwas tifle supplement ousuettog nwciture- j"0 Grouinds (or snetirucktlng out staff M#mher.

ments for the sames weapoen and other ctilihers and Itchniciahe~ Is- techniq%0es for di~essiendily
of recoilless rifles. keflected wave djuta ob- 14 tlqe, tou.-aids nd weaponst. asid in their safe,
talo*d for this weapon consfititut itht first suth handlingt.
measurements. Fopv reliable previous bilasi
n tscuretvents exist (or rocketa. and there-



Many staff metmbers at Southwest Re- 8. Firing Record No. M-46 345, Project No.
search Institute contributed to the succezs of 6001 (428-M5-245). Ordnance Research
this program in addition to the authors of this and Developmett Center, Aberdeen Prov-
report. The field test firings were conducted ing Ground. Maryland. August 10. 1945.
ably and efficiently by Messars. Ernest Garcia.
Marvin Rurnbaugh. Ernest Spacek. Jr., and 9. "Engineer Design Test of Sound Pressure
Robert Marin. All data reduction was per- Level Measurement of Rockets and Re-
formed by Messrs. Andrew Coindreau and coilless Rifles. " Firing Record No.
Eugene Persyn. Figures in the report were P-74650, USATECOM Project No.
prepared by Mr. Victoriano Hernanden". 8-7-2320-02, Aberdeen Proving Ground.

Maryland. August 1967.
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DISCU&¶Q4

Mr. Sailet (Uriver~ty Maryland); From Mr. Baker. No, I would say we could nza.
your'lut -taa yo c ct td We have the over pressure time-historiet and
flow field ot the ambimit air and the combua- what data one can abstract from them, so I
tion gases? would say it would be very ery difficult to try

to get from this to the induced flow field.
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TflA~SC:ZOF FOCKET-SL!2 RIG'r~1

SURFACE-PRESSURFS AND FAN4EL REZSPON'SES

Eric E. tlngar

5--i]t Bieran~ek and Newm~an inC.
CaMitridge, ~.7assachusetts tt2138

nnd

Harry J. -randgren, Jr. and- Pobert Eri1n
Natir~aI' Aeronautics and Space Adrain4istration

0;re r~ Yar:!hall Space Flight Center
.nltSv V41-, Alabam~'a 35812

F -sc-pr-e, 17s ar.*. *esent.?, of a co-tlnuing investigation of thev
Ifluctilat ng nr:u~ n ý,erospac'ýý vehicle surfaces and of the

1 crserw;:gpan,:- resroflses. TiýchnIlques for pr--aictin-g fluc-
Iti:z~tIn6 preq~ :t-en'~ra aosociated with tr'ansornic shock/bound-

.ary-1 --.yer - ' -' r,-.6 for estimating correlations and co-
rlerenrces :If uý~.-y Ther p-esnure-, are reviewel ald compared
with data -r.K~e an 1/10-scale Model of Saturn V in_)u-ied on
a rocket-pr~opelled tesý.'~ il!d. The agreemen~t is found to be ac-
ceptable In general, althovgh the test result:; exhibit C.onsid-
erable scatter and suffer from some signal/noise-ratio problems.
At Mach nu.nber:; above about 0.6, sound from the prrpulsiofl roz'k-
ets i6 shown to have no appreciable effect or, the' fluctuating
pressure data obtained on the rocket-sled model. Predicted paniel
respon~ses to the observed fluctujatin~g pressures are found to te
In reasonable agreerment with correspondi.ng rocket-sled data.

INTRODUCTION vehicle, and then establishing the
rluct~uating-pressure characteris.ics

Preflctions of the vibrations of nsnccated with each flow regime. A
aerospace vehicle '-tructures induced b-y *ioPrpilation or techniques for predict-
aero-accoustic excitation are i~enerally Ing there f Iuetuntt np,-prensure nharac-
needed In the early ;4esign stages, pri- teristics was presented in [1)0. but
mantly for the purpose of establishing lackr of ouitatble experimental data so
preliminary design and test criteria. far has prevented evaluation of the
One may obtain such predictions most geneýral validity of these techniques.
logicallyv by first determining the ex- in or-der to take some rteps toward
citatIrm.- and then calculating the cor.. this validation, and alno In order to
respconding responsfes, buit whereas tcch- studyv related response-prediction
nioupn for calculatIng the responses o' riethods, a program of invpstlgatlons
fully specified ntructures to given ex- has Veen undertaken, b)ased on a 1/10-

citaion ar resonb y wr-i1 Iin hand, scabý model of:.h forward h-tI- ofte
general me~t~hods for jiredis.ting %ezr>.- .3vittjrn V vehicle, Prorelled tilt P- tile
acoustin excitations and the nss-ociated !c ianAir Forc Ra.-e rocket-n--d
rosponsps of structujre!; thit are not test track.
defined In detail still i,-main to be
develored and validaited. As di'~ din [:)I, usý' of nuch a

rro'll avoi ds the expenses associated
'The coarlexity of theý totnl rrob,- w Ith full-scele tent~s, overcomes a num-

le~m ol' predicting the fluctuating-oren- betr of diffincult le:- "nnociated with
sure envi ronment of an nerosrpace, 'p'hl- tet'St1T) Gf :'1`131 wind tunnel mudels
cle tindvr g4 yen fl 1 pht eondti *1 'nt mny
lec reduced by determinning what flnw re,- *Number:, intquare bras2kot:- refer ti'
Flmeis occur at varlous bnoaltion!% nn thr, t~h. appended list, efreere.
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.(i.e., t "I-b lockoge and3 sh-cc6k prot- AB&I
Ss.Jt need .f'r -.ýa1 -- yx~ 1 Thrur-ts -ndPrplinSswr*'Ue

.transd-acers with very -),! gh frequenevFr~sonSSUe
caabit~e) ard- rts ~e ~In K~zcket sled -tests

reapatbIiey ard-;Varni ene -.o reachs --.- ~.
Deriirt-ions of~ th,- test nodel and iv- ae TIrse

e4 nsrmntatlon, datla mructl De i. - interteal ~rhrs
and 'krnalyrAs, tnd test ar,-q creat~nnal 'iaZ'ion I sec) ion0 1 IT'
procedures artpcar in (21, anii tlherefure
are not repe*ated here. U..A4 .- 5.? 3 Il_

Feferenc-e r21 aloo sumim~rlze3 te6.-.c.th r
niquaes ror, ~r.eecting tihe fluluati'~ t
presT-_r~e 5 octra a 1~acated ýltht. (1 %3 ers ,
tarhed turicilrt tounar-y ro am! -riS-l'a'j 'kers
with -,ubsor.lo flow rýerarat !on -Art of I I- t %%e
flares, and It compares rocket-:tied d I3i7:ta

14 .31.7 1kewith predictIonr; olttainedi by means -jf
these teec-miques. i.t Is the purpo-m-: cf - ~ 0 5
th!:ý paper In essence to serve as a ý2 L Ill 2
:!ontIr.~ja-tieo ýr (1) tc exTl~o.-e fuarther n ares
the utility n? rocket-sled models for 3 ikes-
aero-acou;3tlc excitation and respionse 2__ U IŽ~ 2 o ~IS
measurements, to deal witri additional -

flow regimes and fluctuating pressure
caracter'Istics, and to inie.,;t~gata th~e A.r'S

utility of a sirpie response nrediction Propulsion System flarameters
tect~niriue. Accordingly, the first Of
tlve following sections addresses itself -

to the no~-siible contaminattlon or MR. I~cmr
aory-layer 'Iati b,, " o!k noise, the System NJike Terrier "A
seccrnd :-ect!lon deals w'tth transonic--
shock/boundary-layer interacti on, the Nozzle Throat
third disc ases boundary-layer press~ure Diam. (in.) 6.15 6.15 1 8.63
cor~relations and cross-spectra, and the
fourth deals withi the responses of panl- Expansion
els to random rreasurp fluctuations. Ratio I7.15 6.8 4.0
Conclusions,, recommendations. a:A. plansI
for further studies are disclissed In ExIt cone
the f'nal st~ctilon. ,1-,nl

____r, 15. 15.0 17.5

FVALU.TT!ON OF CONTAMINATION OF
F!UC`TUAT1NGPPFSSURF DATA BY Calculations to estimate the rock-
ROCKET TMISE et noise environment were carried out,

uning the "source-location me~thod" as
_n using a rocket slfed to obtain descr!bod] In [31 and an estimated ex-

data on the nero-acoustic environment haunt velocity of 8500 ft/see, which I.s
and responses of -k test model, one must believed to be typical of high-perfor-

*naturally consider whether the effects manee rockets 141.. These calculations
one attempts to obs.erve are cbscured by took Into account the effect., of motion
those due to rioi.~ from the propulsi-on of the vehicle relative to th4 eff-ec-
rockets. Therefore, a number of' caleu.. tive round surctý by adding to the
lat Ions were carr~ed out to eýstimate predicted :-ound pressure levrls the
the rocket-nno~.e.orvironment at thie correction term ?A log (I-M), where M'i
sennor locations on the test vehicle, reprenents the vehicle's M-ach numther.
and to compare these estimates with (Of course, this correction Is, valid
data chtairned from these ,;en,.or:,. o~nly for M < . For' M. > I1, the rocket.

noise never roaches forward on the ye-
Table 1, bvlow, summarizen the hicle.) The prediction calculationn

thrust-hiotorlps and propulsictn systemns also Included a 3 dIB Incýrease to ac-
associated with the various tes-t runs-
during which sI gritftnani, .. ata were col- ______

lected. Table TI lists the salient 11Pre."ure-doublIng occur.; essentially
oharacLeristics Of' the prorulsion sys- only if the acoustic wavelength is
tems. grteater thain the Vehicle circumference,

- i.e. , for frequofaci. r (jiz ) > c/iiaD,
- where c reprecsenti the speed of -sound

and 1) tite vehicle didrneter [3).

202



% ointl for the ef'fect of (random) re- "-~ ~ -

flecý,, on- from the irregular grmuid sur- MIRPOE
t.ac!, _r1.us a 6 dBi-ncre~ase at -frequen- 0 S
odeq Wcove 200- Hfl to. account for, *-- -- -- -- -- -

=-&.ss~ure-ooubliflg at the sensors. I Milt
Sa MIS

IFigure I shows the locations; of' t he d
veriets flush7-Dcunt-ed mticrophones on tte
test r-0del. leigures 2 ir.ýý3%_how one- 0 ,
third octave hio~i sound. pi'essurs zlevels.
,nsed by four different mlcrophona:!'

~flush-mount4ed on the~ topi-eurfaýce, near: a
thzý front of.the S-11VT, portion of th.,
Its' model), togeth,ý!,witb predictions
(tstimatea) of the .iodket noise to which NOW544YAE

these senzriýar s ýx' .posed a-ir i PRESSURE FLUCTUATIONS:.

ma e p e4 cf ,s of the Pluctuatin- 
R DCT1.ONDR AE

pressure's. _41e to 1c1ii y ~er turbu-<... _ k .I

xeee~perienqed bF- these seaja:-&!1._ PSE*.5NOISE FROM

PI! ur'e 2 pertaLlns tdýa vehlice* Mach rium-%IEOSRd '-%OCK" Ego*iS

b,&r of 0.6, shtd Fig.i 3 to a Mach number'
of .. F'igures 4) ar.5 aexesimilar to,,
Figes. 2 wnd 3, but _ertah. to P_ di ffer- ~
ent *testr, ru and to Hsach- nutsters 0_4n &Wh~OT~uIO~~aFEOJN?(t

0&resuecti*,mly.. iur

Cor'oarison c'-' Rocket S-led Test Data'
with Prledictions 'of E~ngine Noise-~c~f37Qjjj3j- '+and of Boundary. Laye

-(Tent '5NA-14, Mach 0.8,,Aec`1erat~ing)

WTAY** W-4
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on. l/1h-Sc'ile *'acurn V Mcdi IROH1E
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One may observe that up to Mach Prediction Method
0.6, rocket noise is likely to be domi-
nant, whereas at Mach 0.8, the boundary- Figures 6 and 7 are suggested pre-
layer turbulence pressures far exceed diction charts for the maximum (overall)
those associated with rocket noise, fluctuating pressure due to this tran-
Thus, data obtained from this test run sonic shock/boundary-layer interaction
at Mach numbers below 0.6 must nqt be and for the Mach number at which this
ascribed to the boundary layer (except, maximum occurs. These figures have been
of course, for the decelerating portion extracted from [l] and are based on the
of the run, where the rockets were not work of Wiley and Seidl [5], who have
firing), whereas data obtained for the carried out a comprehensive summary and
most interesting transonic region above correlation of wind tunnel data on this
Mach 0.8 may be expected to be rela- interaction phenomenon.
tively uncontaminated by rocket noise. Reference [l) suggests that the

"shock oscillation frequency", i.e., the

TRANSONIC-SHOCK/BOUNDARY-LAYFR frequency fosc at which the flow pattern
INTERACTION oscillates in the stream-wise direction,

may be predicted by

At Mach numbers slightly below 1.0, 0 U/xF (1)
regions of local supersonic flow appear osec
on vehicles aft of flares, where the
flow turns and expands. These superson- where U represents the free-stream ve-
ic regions are terminated by shocks that locity and xF the distance from the edge
cause the boundary-layer to separate, of the flare to the observation point.
producing an unsteady interaction be- This frequency corresponds to the peak
tween the shock and the boundary layer in the associated non-dimensionplized
(see Fig. 7). The complete flow pattern fluctuating-prec-ure spectrum of Fig. 8,
of shocks, separation, reverse flow and which is also based on [I). Figures
boundary layer reattachment, then oscil- 6 - 8 thus provide one with a technique
lates in the stream-wise direction at for predicting the pressures associated
relatively low frequentoIes [l]. with transonic shock/boundary-layer

interaction.

II.

PREDICTED NOISE

ROCKET ENGINE& ~fALwi..~~~UTUT ' M ..... I ,=
--• - -.oo o I. •:

•-io o o • ' - • ,. ...... -~

>
W MICROPHONESPREDICTED 0 M9- -- •

"110 0 MIDI1 -BOUNDARYf LAYE[R 0 UlO n ,, t• -,.o! ' .-

I•PRIE$S E A ::15 INCIAID 0M•ILl Aft OF LAN ROM OfflAW 01~t Of F LAIN 4FLUCTUATIONS 0 MiAA

1 It "lure 6 (left)I00 1 I 1 1 1 L 1 1 1 1 I 1 1 1 1 1

40 63 00 60 M 400 10 1000 1600 0 4 03400600 Maximum Overall Flucr.uatlIng Pressure
'1.5 50 s0 Its too Sit 600 too 30*100 )Aft of Flares in Tr'ansoni Flow

ONiE-THIRO OCTAVE UAND CENTER FREOUENCY INN)

F'igure 5 FIgure 7 (right)

Comparison of R~ocket Sled Tert, Data
with Predictions of Engine Noine Mach Number at Whlilh Maximum
and of Boundar.v Layer Turbulence Overall Fluctuatlng Presourn

(Test 5N-BI, Mach 0.6, AcceleratInk) (Fig.. 6) Is Obtained

204



Rocket-Sled Model Data Lcemax, the parameter whose value is
predicted by Fig. 6. By noting the Mach

Plots of the overall pressure lev- number at which Lcemax occurs, one may
el Ilp(OAversus time are available for also determine the'value that corre-

ush-mounted microphones from sponds to the prediction indicated by
the digitally reduced telemetered rock- Fig. 7.
et sled test data. Two examples of
such plots for one test run are shownFi u e 1 sh w t e r s l s of a -
in the upper part of Fig. 9. In the Figure 10 shows the results of ana-
lower part of this figure is shown the lysis of apDlicable rocket-sled model

Mach number/time profile for the same data in the previously described manner,

test run, obtained from test range data. together with the corresponding predic-
On the basis of such a profile, one may tlon curves taken from Figs. 6 and 7

calculate how the dynamic pressure q Because of the limited number of micro-

varies with time in a given test, and phone positions used in the test runs,

one may thr- compute th, vniue mf the data are available for only a very few
"dynamic ressure level" xF/D values. The quite considerable"20nam l re foreahinstant. (See spread in the indicated data comes aboutFig. 8 for definitions of symbols.) The from the differences in the pressuresvariation of swth time for the test sensed by a given microphone in differ-

run under consideration is shown In the ent test runs, and also from differences
upper part, of Fig. 9; however 40 in the signals obtained from different
has beer plotted there. Instead Just (but similarly located) microphones in
Lh aIn order to make this curve fall the same test run. The agreement be-
loser to those for the microphone data. tween the data and the predictions may

be seen to be quite reasonable in gener-
al, except at xp/D" 1.7. All of the

In view of the definitions of the dita corresponding to this reduced dis-
pressure levels, one may note that tance value was obtained from one micro-

rahone, which was located about 45 in.
"La(OA) 0 log (Po4/q) i Le. .(d) art of a 90 flare, but also only 6 In."4nA qahead or a 170 flare; the prediction wns

based on the flow r!lsturb",nce due to the
Thus, Lc corresponds directly to the 0'I flare, but It seems possible that the
difference between the microphone data disturbance due to the 170 flare may
curves and the L? curve of Fig. 9; wher, have had a more pronounced ef'iect.
this difference a' greatest, one obtains

I .m§ 1% U CtWft 01108W U' 01, " - " ' - ... . .. " s

"W" "m 0 uwii-stm-

~~~N I OP ( *%M 'i, I40. 40'

1 IK

11480W Grm IA

ovJI( llgu re'''ondI Ilonal 110rd-iletrive Ban~d :lp,.t-c-o:-. P'l -i i itsV.n• i'.'iur tocor|trom. (it' Ir'veontur' Fluctuiti,,ns Undor 0)I t ilne,| fr,•m '"Wn t•I'o(h: nf,"
'.r'awr it: , (•n c. tlIflatin Ir•• hock Te:,t ;N-A4, .1 as mpar,,t- to
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Figure 10 indicates how well one dom pressures is most often expressed in
can predict the overall fluctuating terms of cross-correlations functions
pressure associated with transonic defined as
shock/boundary-layer interaction, and
Fig. 11 provides similar information R(x 3 ,z,,t; x 2 ,z 2 ,t+T)
concerning the corresponding 1/3-octave
band spectra. In addition to the pre- - <P(X ,z,,t) P(X 2 ,z 2 ,t+i)> (3)
diction curve taken from Fig. 8, Fig. II
shows some typical data from six differ-
ent microphones and two test runs, all where x P,z, and x2 ,z 2 denote the coordi-
plotted in the same nondimensional form nates of two observation points on the
as the prediction curve. The scatter structural surface under consideration,
may be seen to be quite considerable, t denotes time, and T a time delay. The
but on the whole within +5 dB and -10 dB brackets <...> indicate averaging with
of the prediction for Strouhal numbers respect to time. (In other words, the
below 0.2, and within +7 dB and -5 dB cross-correlation function is obtained
for higher Strouhal numbers. The data by multiplying together two surface
points cluster somewhat better about the pressure measurements, and time-averag-"average of data" curve; clearly, this ing the resulting product; one measure-
curve may be expected to yield better ment is taken at the point x,,z, at time
predictions (at least for the model un- t, the other is taken at x,,z2 at time
der investigation) than the previously t+T.)
suggested prediction curve.

It is usually assumed that surface-
pressure fields associated with turbu-

PRESSURE CORRELATIONS AND CROSS-SPECTRA lent flow are spatially and tamporally
UNDER TURBULENT BOUNDARY LAYERS homogeneous - that is, that the correla-

tion functions depend only on the spa-
Correlations tial separations

In order to calculate the responses 2 - x1 , n z2 - Zi (4)
of a structure to a random pressure
field, one requires some information between the two measurement locations
concerning the spatial distribution of and on the time separation T, and not on
the pressures, in addition to the pres- the measurement coordinates and observa-
sure spectra observed at various loca- tion time as such. For homogeneoustions on the structure. Informationtion unthe truture Inormaionpressure fields, one may thus write
concerning spatial distributions of ran-

i -HVA a I o O T!7

jI I Il 14 '1Na4 O

* \ I,! I'1--1* - O
al

_IU_____________ M Ill 1 I-I 11.,4 OI
0" Ih0 van. oii Ws AW @

S 4411 1-2 lON,14. OasONM~ ~ ~ ~ sasaA 0rnW o 46 1 so Ow 0
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Figure 10 .1. Pon Iaa

Comparison of Rocket Sled Data (from Figure 11
\Pa-+, 111s MIAr, )-•s, Pour Different
Test Runs) with Predictions: Mach Comparison of Rocket Sled Data with
Numbers and Maximum Overall Pluctu- Predtctions: Nondimensional Spectrum
ating Pressure for Transonic Shock/ of Pressure Fluctuations due to Tran-
Boundary-Layer Interaction sonic Shock/Soundary-Layer Interaction
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R(*,n,T) <p(xl~zlxt). rocket-sled). The frequency fp atwhich there occurs the peak in the "hay-

stack" third-octave band spectrum ofP> 5) pressure sensed by the microphone under

consideration was determined simply by
The curves shown in Figs. 12 and inspection of the appropriate third-

13 were taken from [6] and summarize octave band spectrum plot. Because the
data on R(C,0,0) and R(0,n,0) obtained two microphones of a cross-correlated
by several authors. Both of these pair generally do not yield the same
functions pertain to zero time-delay T; value of f , one usually obtains two
the first indicates the effect of only values of V6* or n/6# for each value
stream-wise separation t of the mea- of R. Thus, each value plotted in Figs.
jurement locations, and the second in- 12 and 13 is shown not as a single
dicates the effect of separation n point, but as two points connected by a
transverse to the flow-direction by it- horizontal (constant R) line,
self. Note that the data in Figs. 12
and 13 are presented in terms of sepa- The rocket sled data may be seen
ration distances normalized with respect to agree generally with the prior data.
to the boundary layer displacement However, the rocket-sled data points
thickness 65. exhibit considerable scatter, and a

large number of these ooints for norma-
Also shown in Figs. 12 and 13 are lized separation distances below about

data obtained from the one rocket-sled 3.0 correspond to JRI - 0.1. There
run for which extensive cross-correla- appears to be no physical reason for
tion computations were undertaken. such behavior; it is nossible that
Values of the cross-correlation func- these small correlation values result
tions were obtained directly from com- from relatively large signal/noise
puter print-outs of R(C,O,T) or R(0,n,T) ratios in the system. (The occurrence
for various microphone pairs. From the of such signal/noise ratios may be sus-
microphone locations on the test vehi- pected from the very irregular charac-
cle, the separation distances & and n ter of the various computed correlation
were known to be 2.0, 6.0, and 10.5 in. and coherence functions.)
The boundary layer displacement thick-
ness was calculated for, each individual Convection Velocity
microphone from [6,2)m o fThe convection velocity Uc of a

correlation is often taken as a typical
6' .*16 U/fp (6) measure of its time-separation depend-

ence. This velocity is usually round
where U represents the free-stream ve- by dividing the stream-wise separation
locity (i.e., here the speed of the distanco t for a given microphone pair

- -- ,.O..I?, II.I - - -- -- see-•a-to--- avows

----- u u-O. I Uii * --- - - - - - - - - - -

I II Ri:. III. I4

-- -,-

NOWT K" 6i Inv/soa

Figur~e 12 Figure 13

Space-Correlation of Roundary Layer Space Correhition of IBoundary Layer
Pressure Piuetuationa in the Pressure Fluctuations in D)ireetton

Flow Direction Transverse to Plow
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by the delay time T for which the cor- r(w,0,o) m(w)
relation R(&,0OT) is a maximum. Figure
14 presents some such results of previ- I_ R-T
ous investigators, as taken from [6]. = Ew R(OOT)e dT (9)

where R(O,O,r) represents the auto-cor-
Srelation function (which is independent

! of location for homogeneous systems).
,,,- One often also normalizes the cross-

-- spectral density with respect to the
,- . ------ spectrum; the result is called the co-

herence';

IyW co) ---- .0 (10)

-- In [12] it is suggested that for
o - - turbulent boundary layers one may ex-

Sj pect the coherence to obey
4I 0 Ii • N 34 3

m ifM c(w,&,n) w A(wC/Uc) •

Figure 14
Spatial-Separation Dependence of Broad- B(un/Uc)C'/c ; (11)
Band Convection Velocity Uc, Normalized
with Respect to Free-Stream Velocity U where A and B are two experimentally

determined functions, as shown in Pip.
15.

The correlation functions computed
for the rocket sled data were too ir--
regular (probably because of the pre-
viously mentioned sirnal/nolse problems) r

to permit one to select appropriate
correlation function neaks for comnar-
able calculations. However, since one
expects the phase # to vary as

, - Wt -UW/Uc M'

where w w 2wf represents the radian fre-
quency, one may estimate U from values
of 1/w obtained from computer-generated
plots of * versus frequency f. Corre- wq#,,0
_ponding rocket-slod data, for those
limited number of cases where definite Figure 15
Values of */f could be read from the AmpliLudea of On*-Dimenslonal Longitu-
plots, are also indicated in Pig. l4. dinal and Lateral Cros8-Spectral Den-
The rocket-sled data may be seen to tities for Turbulent Boundary Layer
agree reasonably well with the prior (After Corcost Ref. 12)
data.
Coherenc. Corresponding.plots of the Atream-

wise and transverse coherences, C(wc,0)
The Frequency-behavior.of an homo- and C(w,O,n), are shown in FI'u. 16a

geneoua cross-correlation function Is and 16b, respectively, toiether with
usually specified In terms of its Pour- data points'obtained from rocket-sled
ter transform, which is called the test run 5N-BI (the only run where suf-
cross-spectral density, Ficlent data reduction for extraction.

or coherence data was acoomplished).
These points correspond to several mi-

(w,&,n) ((,,)e'Iw ~dt. (5) crophone pairs, but only to frequencles

For zero spatial separation,. the tross- #This definition assumes that the power
spectral density reduces to the r.rdt- spectral density is the same for the
nary power spectral den:ity 4(w), two locations being cross-correlated.



of 250, 500, and 1000 Hz. Points cor- estimates, but has two significant ad-
responding to these arbitrarily chosen vantages; it is relatively easy to use,
frequencies* were read from smoothed and It requires a minimum of input In-
coherence-vs-frequency plots for the formation.
various microphone pairs. Although
many of the data points cluster reason- Dyer [14] has delineated how this
ably well about the predicted curves, approach may be used to predict the re-
many data points for wC/Uc greater than sponses of lightly damped (and also rib-
about 1.5 lie considerably above the bed) cylindrical shells, cylindrically
curves. This discrepancy may again be curved panels, and flat panels (typical
attributed to signal/noise problems, of aerospace structures) to randomly
which are evident from the very irregu- fluctuating ps-osures. One may rewrite
lar character of the experimental coher- his results conveniently as
ence-vs-frequency plots (many of which
appear not to decrease with increasing ai
frequency). arm-s - .-- (12)

PANEL LSiuSE Pros 2ymj

Prediction Approach where

The "statistical energy analysis" for -- <
approach has proven useful for many re- c
sponse prediction applications where the
excitations and the responding struc- B * (13)
tures are only incompletely known [13]. ra
This approach gives only "broad-brush" 1for 1L

lReference [12) shows that finite trans- and p root-mean-equare pressure In
ducer diameters lead to errors in the drms a rotean-rquaen bsri
measured spectra, and that for micro- a .iven frequency band
phones with radius r this error Is less arms resulting root-mean-square
than lO% if wr/Uc is les3 than 0.15. acceleration in same fre-
For r a 3/6 In. and Uc a 0.8U (see Fix. quenoy band
14), one finds that here the error Is m mass of panel (or shell) per
less than 10% if (H) < 1600 M. Thus, un- area
for R o 0.6, the data is essentially unit~area

valid up to about 1000 Hz. w * 2ef a radian frequency
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a = panel or shell radius replaced by thinner oanels in the later

cL longitudinal wavespeed in test runs. In these runs, the vibra-
C panel or shel.l material tions of these panels were monitored by

%2 x l05 in./sec for steel means of several light-weight acceler-
or aluminum ometers attached to each panel, and thefluctuating pressures were measured

y = panel ede absorption co- simultaneously by means of flush-mounted
efficient. microphones that protruded through the

panels (but did not touch them).
All of the parameters required for

the evaluation of Eqs. (12) and (13) Figure 17 illustrates some third-
may be determined very easily, with the octave band pressure and acceleration
excention of the absorption coefficient data for a panel in the payload section
y. This coefficient, which character- (see Fig. 1) of the model; Fig. 17a
izes the damping of the structure, may corresponds to rather rough turbulent
be determined from damping measurements flow, whereas Fig. 17b corresponds to
[15) or may be estimated by use of much smoother reattached flow.
appropriate generalized prediction
charts [16]. For'typical riveted, spot- Figure 18 shows average values of
welded, or bolted panels, y varies be- arms/Prms calculated from Fig. 17 and
tween about 0.05 and 0.3 and increases from similar data obtained from a panel
with increasing frequency. mounted in the S-II section of the test

model. Although the tho panels were of
Comparison With Test Data considerably different appearance (see

Table III), the points in Fig. 18 clus-
In order to study panel responses, ter remarkably well - attesting to the

some of the "boiler plate" panels on fact that only a very few parameters
the top of the rocket sled model were affect the response ratio arms/Prms
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significantly, and that these parameters proportional to ym2 /2', a theoretical
are not very different for the two line that corresponds to a certain value
panels, of y for the payload panel corresponds

to a higher value of y for the lighter,
10 IS! , ,larger-radius, S-II panel. The agree-

ment between the measured data and the
values calculated for reasonable as-
sumed values of y is seen to be ouite

13 -ve -- satisfactory. Unfortunately, direct
_j IS • measurement of the y's at the test

, 0 panels has not yet been accomplished.

- --0 CONCLUSIONS AND RECOMMENDATIONS

It has been shown that rocket-sled
0 = ,.tests can be extremely useful for the

100lO 100 amO 400 U6"00 WOO;A ;AOO
5. GO W i •s a"S o 0 12w 1000, mWo study and simulation of the, fluctuating

dWE.-THRD OCTAVE SAW CENTER 'M(UCKV (021 pressures that act on aerospace vehicles,
particularly at transonic and.high sub-
sonic speeds, and of the associated re-

P,.0 /O.OOO2&BAN3 a W4 PSI sponses of surface structures. However,

during the initial (low subsonic) por-
tions of the acceleration phase, noise

LEGEND!:PA EL from the propulsion rockets tends to
PAYLOAD s-V predominate and to make it practically

DATA 1 0 • impossible to obtain useful fluctuating-
MAC1.25 . 0 pressure data from this phase.

CALC 02 Rocket-sled model data on the
O 03 levels and spectra associated with tran-

0._ sonic-shock/boundary layer interaction
and on the Mach numbers correspondinr to
these "oscillating shocks" were found on
the average to agree reasonably well

Figure 18 with predictions based on previously de-

Comnarison of Measured and Calculated veloped methods. Values of stream-wise
Panel Responses and transverse correlations, convection

velocities, and coherences calculated
from the rocket-sled data were also

TABLE III found to be in reasonable agreement with
similar values obtained from earlier in-

Test Panel Parameters vestigations.

Panel Location Payload S-II The data obtained from the rocket-
sled tests exhibit a great deal of
scatter. In order to determine how

Skin (Aluminum) n.12" 0.16" much of this scatter is inherent in the
actual signals, and to verify the per-

Radius (in.) 7.57 19.67 formance of the data acquisition sys-
tems, it would be instructive to carry

Axial length 15.5 34.8 out some comparison tests under less
(in.) severe environmental conditions, e.g.,

in a wind tunnel.
Subtended Angle 1800 1800

Panel response data obtained from
Ribs None 10 axial, plus 1 measurements taken during rocket-sled

circumferential runs were found to be in reasonable

agreement with corresponding values cal-
Approx. mass culated from a simple expression that
per unit area was derived on the basis of statistical
(lb/in. 2 ) 0.012 0.009 energy analysis. These calculations

were based on reasonable estimated val-
ues of the panel edge absorption coef-
ficient; experiments to measure this

Also shown In Fig. 18 are two lines coefficient directly would be useful in
representing values calculated for varn- order to determine how well the esti-
ous reasonable constant values of y. mated values used in the calculations
Since for ha/ct, < I Eqs. (12) and (13) represent the actual values.
Indicate that the ratio t) /a 2  is

rms rms
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interest to apply the rocket-sled test dynamic Noise Tests on X-20 Scale
system also to investigate the excita- Modele", U.S. Air Force AFFDL-TR-
tions and responses associated with 65-192 (1965).
base-pressure fluctuations and with 6. D.A. fles, "A Review of Flight and
flow:; aft of protuberances and in wakes. Wind Tunnel Measurements of Bound-
In addition, it would be extremely use- ary Layer Messure Fen t io n and
ful to study the Reynolds-number depend- ary Layer Pressure Fluctuations andence ofthevarius lucuatig-pos-Induced Structural Response", NASA
ences of the various fluctuating-pres- cR-626 (Oct. 1966).
sure phenomena by comparing the 1/10-
scale model data obtained in the pres- 7. M.K. Bull, J.F. Wilby, and D.R.
ent program with similar smaller-scale Blackman, "Wall Pressure Fluctua-
wind-tunnel model data and with full- tions in Boundary Layer Flow and
scale vehicle flight data. In addition, Response of Simple Structures to
a more thorough study of the structural Random Pressure Fields", University
responsec- - to account, for example, for of Southampton, Department of Aero-
the effrct of matching of the flexural nautics and Astronautics Report No.
wavespeed with the convection speed, and 243 (July 1963).
for the nonuniform modal densities known 8. L. Maestrello, "Measurement and
to occur with uniformly spaced ribs - Analysis of the Response Field of
should prove to be most rewarding. Turbulent Boundary Layer Excited

Panels", J. of Sound and Vibration

ACKNOWLEDGEMENT 2, No. 3, p. 270 (July 1965).

9. J.S. Serafini, "Wall-Pressure Pluc-
The authors are greatly indebted to tuations and Pressure Velocity Cot-

Messrs. David M. Green and Ken Crane of relations in a Turbulent Boundary
Teledyne Brown Engineering, who have Layer", NASA TR R-165 (Dec. 1963).
been most helpful in providing informa- 10. W.W. Willmarth and C.E. Wooldridge,
tion on data acquisition and reduction "Measurements of the Fluctuating
systems. Data concerning the test-sled Pressure at the Wall Beneath a
propulsion rockets was supplied by Thick Boundary Layer", University
Mr. Berle E. Engle of the Track Opera- of Michigan, Department of Aero-
tions Office, 11olloman Air Force Base. nautical Engineering Technical Re-
Mr. Robert Abilock of Bolt Beranek and port No. 02920-1-T (April 1962).
Newman Inc. assisted in some of the data
analysis and Interpretation. 11. W.V. Speaker and C.M. Ailman,

"Spectra and Space-Time Correla-
REFERENCES tlons of' the Fluctuating Pressures

at a Wall Beneath a Supersonic Tur-
1. K.L. Chandiramani, S.E. Widnall, bulent Boundary Layer Perturbed by

R.H. Lyon, and P.A. Franken, Steps and Shock Waves", Douglas Re-
"Structural Response to Inflight port SM-498CS (Nov. 1965).
Acoustic and Aerodynamic Environ- 12. G.M. Corcos, "Resolution of Pres-
ments", Bolt Beranek and Newman sure in Turbulence", J. Acoust.
Inc. Report No. 1417 (prepared for Soc. Amer., 35, 192 (1963).
NASA Marshall Space Flight Center)
(July 1966). 13. E.E. Unrar and J.E. ManninM,

"Analysis of Vibratory Energy Dis-
2. E.E. Ungar, R.E. Jewell, H.J. Band- tributlons In Composite Structures",

gren, "Rocket-Sled Model Study of Dynamics of Structured Solids, G.
Prediction Techniques for Fluctuat- Herrmann, ed., Amer. Soc. Mech.
Inv Pressures and Panel Resnonse" Engrs., Now York, 1968, p. 62.
Shock and Vibration Bulletin No. 1I, 14. I. Dyer, "Response of Space Vehic-
Part 7, pn. 1-7 (Dec. 1970). le Structures to Rocket Engine

Noise", Chap. 7 of Random Vibra-
3. P.A. Franken, et al., "Methods of tion, Vol. 2, S.H. Crandall, ed.,

Space Vehicle Noise Prediction", The M.I.T. Press, Cambridge, 1963.
WADC Technical Report 58-343
(Sept. 1960). 15. E.E. Ungar and J.R Carbonell, "On

Panel Vibration Damping Due to
4. P.M. Wiener, "Acoustical Considera- Structural Joints", ATAA Journal,

tions in the Planning and Operatior 1, No. 8, 1385 (Aug. 1966).
of Launching and Static Test Facli- 16. F.E. Unrar, "Damping of Panels",
ities for Large Space Vehicles - Chap. 14 of Noise and Vibration
Phase I", Bolt Beranek and Newman Control, L.L. Beranek. ed., McGraw-
Inc. Report No. 884 (prepared for [fill Book Co., New York, 1971.
NASA Marshall Space Flight Center)
(Dec. 1961).

212



Mr. arf Mats" sme!!gj.ýMr. L.2owitz: You are also aware tWa
I 111from IIII: te vma moirmumton piqiams aft avibh1 for compuft the cros

, aCksat lso is pretty tough amid It frequatly correbslic of the reins. dats.
maskes he& Ot of pressure mDmsm&idA
You make sam pressure Csarm IO c paeglo Mrana.W n n fta orhoraectsil from the nlow as a check? UamfV~r-!!W3 lba bAIve l ike to cim aor~

Mirj No we did not do that, but we siV~ wa fpeif b crow vorrelaticm

womad ~ cerle sa eevmtmca~l OP4Ud COMPIlts aIIything Y~m CAR go
=;Ad 141 AtPOSMS.We lW he ft~ - mad, btit what; dogs It mms? What dme It mean

We Adu56ly atUM, "@ mihep he*Cgod e as the med try? A Is iammmily a job toflMd oat
what hoppmed In the past but I am now*i wmor

thera we aveowru wh dat asch mkmbme goods sId cm& VA~ ctWh Is ad"g to hemmi
tbreor e mvwrldaawer -* am. nth s n becmeo I do adt '.efl cm

vW Of was bat Am ve atgo bu- ewpo e incq to develp SMe gsa-dh vbl, esepirosmed 111404 cm the my t0almdeitsa The rest purpwofe thisth v~nd ass okta s Pqpe, sa" the previus paper, is to vaIsdate
pretyr~b.Pre"Aftio mehodsa. What is going to baPP.

Mr~ ~ ~ ~ ~ ~ ~ ~~~g hia(bvrst tmbadhn~ o good are the varkom empirical sad
your~ xftrmisc ateuu ~c um theoretical models that wo have? Tha to an*

Par O~m t" am" mbw of 0A t thinge we have tried! uvacompdLt&
a chock hburtesales a bxAme mcLk DId yo rrVs i

mi Wi the &hoek a Oges IMt so, hae. Yom
tried to Compar 1Wu revnks With theory? Stcl W a U~ di IMe.Wem a

Mr. Wa. o, we NA a herd O" time dint 0" made as part of the btuu Prageat?
*a hecock

pferW" ane "Opm*l chewed v/ the Mr. V46Wr. No we did WKt try to matuh
ouatace preesures We rIed veRy hard to. a-y aWW~ pidm boom"eti was W n
trea Owe pressure sietwithimf bmi we clo"ld Malty the POaW"s I wouldd very utech Wak to
-#A rewolv wbothor or whin too shook stdle bivethe UWpoftufty to 0ollec v1WO scaledt
the miciqihOm or Paied ame the micrqopme. ft= the wind tiel4 I/10 scaleA dterum the

I., ~ 9Is~rocket sled. tel Lscl~e " fotmte the vehicle,
Mr ava Ob A"ro-a"a" thm Mo*dw thfe tOct t Reynolds aumber.

*Wto amm a i cve i cvn by piTQng dom Yet to my haouledi 01W of the tli quei-
a*e Oarobd fmed.&i "apas Welke. I took, tme tha we have no bto , 140wht W the itffot
tOw dote i J. & Sentbdk HMO ktbwef; WW at RiyeOWd nuber? fpwc dalle is heving
V. & Wllumarth sad & W. fbee, gad 0040.- "Mir promema OW that peopl a*e malan
dad "d a AtIfuta vatiablh (..r/uJ(f/i predictims from mO9otidel sai whieh are cm
samd famd 00 the taivermi curve theK Mo der of 1% ite moldels sad theme Reyold

pro"t what bahemas, bd IN whatppas to tor-
Kr. tfthrWe did Wi try to do heSUMe p~tamod floes whe the dwiue emoms down

thing &a -Y" 0 4"O. We Wa 'nhard mUP R tWn idft (Ir? ther am s predicaloms Mm
OWe with th calenhlm as Car as they have &". use 0 that sd "ow dos* cue gt a rest-
Sews. Op of ath p.Owhte. as you wet)0m, tdic tle Renlsmmber tow? As tar aslI low
Ito a flm sSY to emft mte "Olpuer NO Oet is esMoyme wwh=W mlltoewof W iham
lha it 40 Its Ot~ s"d pobs milesad miles ancme clas to #aftn the r%*a Reym"d
Ct Fit~ot" 1%b am. puitlem Is what do y"u do number sd th athppmes to be a skooi mheck
waith f1 IUIW me. saftd abs, the a""e kdtee Is BaweOS th at MOs 40" dsyPIP
Coinpo I IMRAO~ ad (ted them ONck b"t 1 to "ac p fth memptowd maglr. ft yew AMi
cm"uIer sad haew It 40 an the afty weo ti v a" Is"i m al odl samd a dim" dentls. faw
snmamai teop "*a *f a Itdi dity " wusts Is %"e twmi a tWa the piblmift dfuA IN g
tUm G AWM s oft stlide rden processing MO whither jam tft hae" full develope 11e
be very flA"ed. ad so cm sWa"&
OCC.mpuiOr Ptatramrntng for Coerrctlop of DOAtouay !aytr Pr~oseure Fluctuations lOtP Iydropho..

Slate &agd lowadury Layor Thich*.as Effecti-Opuloa I." by Ralph C. Lelbow tt aknd Dolor#* ft. Wal.
ltae. #eSfDC Iteport M6T4. Sopt. 19?0,O.



SUTPPR.iS TON OF FDC'.~- INDqJC ' VIRTI~~ArONS

BY MŽAN5 %SF WOLY SURFACE 'AýOTFTCAT IONS

D. W. Sallet*
Nav/al CrJinartce lAboratory

Vv~er Zprlng, MA 'and

an i

R". zeCW
a.-a-:a. :rdr~ance :laborat-cry
Si~ver 2pUrlng, !-Arylan2

.ý ow-inluced vibrations of an elastically supported
lv~ei, -ic~h i, ..- o to crc-ssf--ow zazi be reduced by tw.o

r.tOis: One =.ýthedi is to change te L-arameters of the
z~.bat'.crL svte- ?J, Zzuý_h a fasnion that the approach
C y -.e equals c~'~ - ~ e.t& veocity,ie,

tta'. - - . -. ., a!" ltharipe a-'o'itules start to occur; and
:;e se--on"-1 ' m*.c Is to reiuc t',.e f"Low-induced zibrations

'efow aro-. e cylirner.. i.e., to change the
7. er 1. -~r i seues at length the

11ý-tsrýýs,'rf"ce nodificat--ons on- th_ ::ow-Ii-uced vibra-
:1 r 1z e that surf-ace mo0 ýfications can reduce the

'~amen -tal"y different ways: one,

-eLutt-*r L-.eo-an whkcýh '1ev, is to ch-arige the_ elastic support
,;cus hi an -a;_at ca ' l s-upported -.n suich a fashion that the excita'lon

z~r-'-" .ar cy: indr is brou. ",t into forces will not cause detrimental case
--ztv7al ";ii owas been eternsi,,el y e-tiorns: tw'j, fro- the f luil d~ynamics

l-*rsearcheýrs 'n t.e p:int 'if' view, Is t3 influence thie
ra-t' *`--ars -n tis' inves-tiga- .ýec!hanismn by which energy is transferred

lon, ~ ~ ~ . ';. ýlsl: ysnorted cvlln- from the cvlng me'ium to the vibrating
1-t s a submer.:Ie'l~'' b_ýoy, 21. s n frun'n ýis' ~ to

'n vi ~ inches loio.ý inhitbIt an asy7'netricaL1 pressure dis-
'~ y ii~ ha ~I~t ebuoyancy and tribution whi-h alternates peritdical~y

is rezi-alne-i from rte* ~ the sur-
fa- -)r Ler.n, shwept dos'n.st1eam by' a The Ifirst approach, i.e., changirng
!-.oor'-' cate which Is aittached to the tiie e'isti'e iupport parameters, is of

~: t~~ ' -b Tý res'uit- _v~ 1Linite-. Interest. An ýs easily
vlb.,tlonal ;syst~' 'rr. n~e a visz~a1ized, these para!-.eters consist

Di ur, tri!,ntý-ai f nttt~ In ';h.e ore sent syst~e.., of the mooring
?i*:'.t_,wn t -ocr.!J vsteM is cab~e .etthe positive buoyancy

Ito.-3t o*Ži the displacement voiuine is fihed) and
-'_ta rit.ica: ;-civ he separation distance of the centers

ol' ~;'ra-.,It.y and ".uovancy. Howeyer, due
*i-.T*!t.*1Tw:^F o the desired fle~ibii~ity In en~p1,&ymnex:

cf Vhe buoy system anid due to t!-e
rh,% prot),rim of' nrevelt-.Ln.;ý thest- Inherent lesipi features )f the system,

se;!-~~!:,StoeJ v'ihre.tloin, cr at 3easI: :ienooring cab,-- length inist. stay
ru.In~tICnpl),'Ude! LO a v.L~a~e;ariable over larze unimts and the

~v]c-, can 1%e xrahiin toremaininF, two paira met~ers cannot N:
_________ ~a!i ter-ed oinfc.ty h~~nset. of

Ass~. rc~ms~ir"fepartmtent of fi ow-1-Avc-A ..-otion cannot, thorefore,
?~chnI- ]~in~"I~, :niv-~.itvofhe approclabivy de~ay-d. A rather

'~r~n1 o e mv.'~r~dsim~plistic parametric study suffices to
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clarify &ni justify this conclusion, Re < 50 :no vortex shed-
The parametric study is e Yen in thc. ling is obser-
next section. ved 131,

The second approach, namely, to 50 < Pe < 150 : S - 0.212 (1 -
arrest or at leas~t aufficler~t1.y influ- 21.2/Re), 11.
ence the fl~uid dynamic me',.ýhnis'.. by
which energy is transerredi from .hse 300 < Re < 2000 iS =0,212 (1 -
ocean current& to 1the .)siiI.Lating 12.7/Re) £3)
cylinder, is of more practical inte-.est.
upon closer examination of the flow 2 x 103 - Re < -K 10ý': S lies b7etween
ai,)und a blunt body 3ucli as a 2~:'jr0.18 and 0.21
cylinder, the following phyzzival [4, 5
poe4nomena. are observed. Vort-ir'A-y is5
c~ontinuously created on the upstrcAm Re ms 2 x 10 ~ S lies between
faze of the cylinder fsee Figure 1). 0.25 and 0.33
The axes of tt-ese smail line vortices 115
sre parellel to the cylinder axis.
Since the length-to-diameter ratio is Re > 3.5 x l0ý o .27 [6]
five, a two-dimsensions flow considera-
tion Is suffic'ient. The vorticity is The vortices do not shed simzltaneously
ccriv.acted to the rear of the cylinder, but individually in alternating fashion.
where it will cause two large vortices Conseqaently, an. asytaetrica]. flow
of opposite rotation to form. As long field is established arcmnd the cylin-
as the Reynolds number (based on the der. The integral of tine resulting
undisturbed approach velocity, and the pressure distribution aver 'the upper
cylindei diameter) remains below 50, (first and second quadrant) and the
the vortices will remain att~Ached and lower (third and fourth quadrant) side
symmetrical 4i shown In Figure 1. Once will now yield t!,. ma~nttude of the
the Reynolds 7iumber exceeds a value of oscillating lift forcýe. The maxima
approximately 50, the vortices will of these lift forces (the so ca'led
shed from the cylinder. The vortex Kar~min forces) are of the same order of
shelding occurs periloicaily. The nag .tude as the total steady drag
relation between the frequency of force acting orn the cylinder £5. n
vortex shedding, the fluid velocity all of the above investigations, whinh
relative to the cylinder, and the decermined the Strouhal numbers at var-
diameter, was origin~ally Jetermined by lous Reyniolds nur.1ers and which corre-
V. Strouhal [2): lated the prossure d5.stribution with

the wake and the forces acting on the
f = (~) cylinder, the cylinder was hold rigidly

0 in place; I.e., no motion of the cyiin.-
der took place. The resulting near-
wake structure is the well-known Karmain
'vortex street r£7).

From the fundamnetal observations
S described in the above paragraph, it

.4~ Is sc!en that there are, in turn, three
o ~different approaches which will suffi-

cle1nŽn.ly Impair the mý'charnism by which
Pei'~gy is tra'isterred from thce fluid

" lo tc the vltrtting body:

i.preq~v.ýing the shedding of the

2. preverting ti~o formation of
Fig. I - 3tationary Vortices strong vortitc-,- behi-n- the cylinder,

-and
The constant of proportionality . rn tevot3,hddn
the so called Otrculial number, As to prvntn th P1ti celi
function of the Reynolds number. This to ccur sk\.1denly a'ionr, the tot~al.
function has been experimentally len~gth of the cylinder.
determined for various ltody shapes over The firr< approam,_h, i.e., t~o
a wide Reynolds number range. Forprvn lt%. bsaiizgth

circlarcylider thefolowin vaues vortices, led to a :oomplete ouccesswere found: [8, 9). it was found that the two
vortices behind t!.( cylinder can oi.i.y
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be at rest with respect to the cylinder with a vortex vector parallel to the
If they lie on symmetrical positions on cylinder axis. No arAlytical solution
the Mppl path (see Figure 2) which is has been attempted. However, an
given by the equations extensive experimental program was

I carried out. The vortices at right
2Y r -= 1 1,2 (2) angles to the cylinder axis weregenerated by a matrix of small circular

The condition of zerc translational cylinders mounted on the surface of the

velocity of the vortices with respect large test cylinder. These little studs
to the cylinder also requires the were made of lexan or rubber. Figure 4
strength of each vortex to depend upon shows a typical array of such studs.
itstrengtion of eachvotex pato d nd upn The lexan studs were bonded to a thin

its os~ion n te F~pl.pathandtherubber sheet, which was then wrapped
approach velocity; the required vortex rbe hewihwste rpe
strength is given by the relation around the cylinder. Figure 5 shows tie

large cylindrical rods (1 Inch in

S= 2Uyi (1 - -) = 1,2 (3) diameter and 6 inches long) attached to
ri the test cylinder. Further details asto size and spacing of these surface

Suppose that due to a disturbance in the modifications are described later in
flow field the vortices are displaced the report.
from their position at which they are at The third approach, which can
rest with respect to the cylinder. The sufficiently impair the mechanism ty
vortices wiVl return to their position which energy is transferred from the
on the F5ppi path, if the displacement fluid flow to the vibrating system, is
of the vortices from this path is to prevent the vortex shedding from
symmetrical with respect to the x-axis occurring suddenly along the total lngth
(see Figure 2). An asymmetrical dis- of the cylinder. The method of finding
placement of the vortices from their solutions for this approach was again
equilibrium position will result in implemented by means of a large-scale
instability, i.e., the vortices will experimental test program. Different
shed. surface modifications, such as spirals

or irregular protrusions, were fixed
to the test cylinder (see Figure 6).
chile such modifications solve aS~similar flutter problem who.n the

f-ft PATH flowing medium is air, extensive tests

of many variations of these surface--- •modifications showed only limited
-30 diminishing of the self-excited

vibrations In %,,ater.

/ CRITICAL FLOW VELit7ITIES
ASYMPTOi The free-stream velocity at which

flutter starts is called the critical
Fig. 2 - Equilibrium Positions of flow velocity Ucrit. The flutter

Vortices motions of the system wil! start as the
vortex shedding frequiency approaches

A niethod of stabilizing the vortices now the natunal frequency of the system.
becomes apparent. If a thin plate is Fron tquatton (1) we may therefore
placed along the x-axis and perpendic- estimate the critical flow velocity as
ular to the plane of the paper, the
x-axis must then be treated .as a solid U crit 1 4at
wall. Due to tne image effezt, any
displacement of a voi-tex Is symmetrical It is st.., that for a system having
with respect to the x-axis and stability several degrees of freedom, several
is therefore guaranteed, The technical critical flow velocities may occur.
realization of t'his principle., a However, since the flutter motions
splitter plate, is shown in Figure 3. occur over a large range of approach

velocities, so that very often the
The second approach, namely, to system may still be in a flutter state

prevent the formation of strong vor- due to its lowest natural frequency when
tices behind the cylinder, has led only flutter due to its higher natural fre-
to a partial success. It was atten:ptd ,uencies starts, the lowest critical 'rlow
to create many sall vortlcea having velocity will be of prime, importance.
vort,.x vectors which are at right
angles with respect to the cylinder ads. A simp 'fied inalysis suffices to
In this way, it may be possible to predict the critical flow velocitlcs
prevent the formstton of a strong vortex of the submergred moored cylinder,
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Fig. 3-Cylinder with Splitter Plate Fig. 5 -Array of Large Cylindrical
Protrusions

Rproduced from
best available copy.

Fi6. 4 - Typical. Arrmy of Lexan. 8tuds kig. 6 -Typical Herri'ngbone Pattern
('3/8-inch nylon rope)
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Assuming an initial simple excitation K 1 = 2Lb + H$ cas (w-9) (8)
in a vertical plane, the equation# of
motion of the rvlinder in a stagnant
fluld (no fort ig function is acting K E~+ cs(-) 9
on the cylinder) are: For "velocity squared proportional"

. c2 (t damping K1 and K2 , assume the values
r, 1" ; cos (m-0) - ; ;sin(T-e) +

•sin + B 0 (5) K1 = 3/2 1 L2 62 + [L2 62 +
RER E H 1 2 ;2  + 2LLI cos(cr- S) ]½ (10)

and

+6- T-2- cos~q)-S) + *Ee+ HWB cos(T-0))]
in4. and

62  14m sin(m-8) + (6) K2 = 3/2 [E2&2 + e_2 + 2LH4 cos

Wh B (2-b) +

, +I LIe2 cos(0-S)]

where W B - w. The nomenclature is For the vibrational system here
shown Figure considered, Ucrit may be estimated by

employ!'ng the undamped natural frequency
of the linearized system. Equations
(5) and (6) are linearized by limiting
the motion to small angles, so that
sine f 0 and sinco f m. These condi-
tions were met for the initial cylinder

/HCYB LINDER motions experienced within the experi-
mental part of this inveztigation as

long as the approach velocity of the
fluid did not exceed the criticalSRS value. For the simplified configs ra-

SCENTER OF TOTAL MASS tion for which Equation (7) is vcnid-
w the circular frequencies are: -

MOORINGCABLE 2

W2. W -(12)

+{•+•)

/ 2(1- (1w(

where

Fig. 7 - Nomenclature of Vibrating t 2 2 M
S y s t e m R 1  = (- . - --- + + ") '"4 ( l - ).) .

mt +I nit +I
In deriving Equations (5) and (6), it (13)
was assumed that the center of mass of
the cylinder, the center of added mass, (m+)
and the center of buoyancy coincide:

= t t(For the case in which the center of
=B mass of the cylinder, the center of

added mass, and the center of buoyancy
The damping which occurs over the do not coincide, Equation (12) becomes:
complete cylinder was considered lumped ( B-4 Bww
at the top and the bottom of the cylin- +
der. In this way, all of the occurring W2 tj+I mr I + /R 2  (L4)
motions are damped. For "velocity 1,2 ' L2

proportional" damping K, and K2 , assume 2(1 -

the values: mt +1
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where. W"'- 319 w;bs,w 999 lbs, s= 2.0
LBhe ZB4ww W inches, arld I = 542.36 .8lug-ft

M TS PROCEDURE
WV.4B-ww W W) A 20-foot flexible steel cable

(--L•2-1')' ( +) 'moored the c~ylinder to-a sled which
t +oIe on. tracks. along the bottom of

the tank (Figure 14). quartz-iodide
The critical velocities near which lamps (650 watts) were used in the tank
.excessive amplitudes will start to for frontlighting.- A slx-lamp light
occur, therefore, are: bank was placed slightly-above camera

level on the south wall of the tank.
(,il 2 )D Another six-lamp light bank was placed

UI,2(crit) (16) on the east wall at the beginning of
the effective range, and about 22 feet
above the bottom of the tank. -'A nine-where the ciroula-r frequencies w,2e are

given by Equation (14) for the mofe lamp light bank was also placed on the
east wall about 25 feet downrange from

the physical by Equation (12) for the second light bank and about 22 feet
Eonfigunation forvwhich above the bottom of the tank. The

S.5 camera was placed at the, south end of

"For the sake- of clarity it b o the tank about n2 feet hnbove the
best to present Equation (16)j. which bottom of the tank and behind the
contains the rather complex term (12), center viewing port.
or term (14), graphically. The cylin-
der in this parametric -study also has
a diameter of 21 inches and a length .

of 108 inches. CYLINDR
FILM CAARA

Figure's 8 to 13 give the.frequen- U "
cies and critical velocities as a func-
tion of the ;,able length. While for
Figures 8 to ti the separation "'s" is
held constant and the parameter "W" is
varied, Figures 11 to 13 show the
influence of the separation "s" on the
critical velocity with the positive
buoyancy "W" held constant. Figures 9,
li, and 13 show tne critical velocities
when the moment of Inertia I is 20 Fig. 14 - Test Arrangement
percent lower than the theoretically.
calca.l'ated value. When deriving this The driving D.,. motor moved the
value, zhe added mass was assumed to towing cable which was attached to
be equal to the mass of the displaced both ends of the sled.
flu',d.' This rather customary aSsump-
tici (for long circular cylinders) For tests A.-11 inclusive.
proved to be quite accurate when pre- Mitchell 35n' cameia with type no. 2479
dinted natural frequencies were compared film was used, operating at about 24
wi-,h the frequencies obtained in pendu- frames per second. For the remaining
lura tests in water, as long as the tests, a Flight hesearch 35mm camera
motilon of the cylinder was basically with a 25mm lens was used with type
a tranalatory motion. When the higher no. 2479 film, running at about 10
natuiral frequency Is excited, the frames per second.
cy!.Inder will undergo a rotary motion
art-nd .n axis which is perpendicular in a typical test, the sled towed
to'_he plane in which the translatory the cylinder, starting from a position
motirn occurred. For this type of' at rest at the south end of the test
mot.on, the added mass is smaller than tank. When the front end of the sled
thtrmaes of the displaced fluid. was observed to reach the starting
Experimc.nts suggested the shown Lower point of the test run, the camera and
vaLue for the moment of inertia. The an electric timer were started. When
dott-id line in Figures 8 to L3 is valid the front end of the sled was observed
for the cylinder which was tested in the to reach the end point, the camera and
full-scale towing tests (see Figures 15 timer were stopped. Time of travel and
to 1.8) and to which also surface motion observations were recorded. The
modifications were applied. The param, approach distance to the start of' the
eters for this cylinder were: run was 4n feet. The length of' the test

run was 43 feet long.
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0.01 CABLE LENGTH.L IN FEET

0 :p -4 L L

0 1o "20 30 -40 50 60 70 80-. 90 iIM

Fig. 8 - Lower Critical Velocity VSrCable Length with PositivR Buoyancy W as a

Parameter, Moment of lnetirt-. I 5 551.& alug-f V
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0.02 W.. 150 lb

CABLE LENGTH L IN FEET ! sO 195 inch

0O 10 20 30 40 50 60 10 A0 90 L0

S' - •Wwtr "r" t c'&ritVe ,locity vs Cabi.n Length wtth P.)ittv¢ Uuoyaney W as
Param&ter, Moment of' tIerti.t T 441 .4'4 a .ug-ftc'

221



'4
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SURFACE MOD PICATIONS

Most surface modifications were
---- " .fabricated onto three sheets of 1/16-

0 ..... inch-thick Neoprene (Shore Durometer
80+5) which were then taped onto the

2 , cyTinder. The description of the
0.30 2.0 various modifications .is as follows:"0.3__ S 1. I. 4 llh. 2.51

.2" s:.L4Inch A. No surface modification.
0.0 inch

0.26 2.33 D. 1/2 inch in diameter, 1/2-inch-
long lexan rods spaced 6 inches in a

0.24 2.15 row, and 3 inches in a column; rows and
columns were staggered. (Columns run

0.22 - parallel to the cylinder axis.)
0.20 6 2! E. Same as D, but 1/4 inch in

diamseter.

H. 5/8-inch nylon rope, herring-
-f2 .0.6 bone pattern, 450, rope separated 6

0.6. •/inches on centers.

s,.2l40 I. Same as D but 2 inches long.

o.m s.0.0•'h
0. J. Same as E but 2 inches long.

CABLE LENGTtH L IN F111-- K. Same as D but spaced 3 inches
00 t 20 s0 40 so in a 'ow.

Fig. 12 - Lower and Higher Critical
Velocity vs Cable Length with Center of L. Same as E but spaced 3 inches

rravity - Center of Buoyancy separation in a row.

S as a Parametera Moment of Inertia
I= 407.82 slug-ftc N. Same as H but 600 pattern.

FIMNY .P. Same as H but 300 pattern,
I. separated 3 inches on centers.

0.3? . Q. Same as P but rope is separated

6 inches on centers.

R. Rubber rods I inch in diameter
0.8 ,- and 6 inches long, separated 5-1/2

inclhes and bonded on 2-inch-wide rubber
a I 'm strips. The strips are separated so

iIh4•h that the rubber rods are*6 inches apart
0.24 ,L 2.1 on centers. Rods line up, one behind"the other.

S. Same as P except that the
0.2015.81.5,1separation between the strips is suethtiat rods are 3 inches apart on centers..

This modification reduced the positive.
buoyancy of the cylinder by 15 pounds.

-. itY. Tnverted "T" rubber spirl,.
i*In6 turns around the case.

"t W.l0•.2 7. Irrelu;arily spaced 1/14-inch-
981441 ,by-t-inch-by-.1-inch rubber protrusions.

"I U L IN filt. IAA. 2-inch-long triatigular rubber
O. .I I t: JO pieces spaced 3 inches In a row, 5

R~g.[3 *Lowr am Higer ritiaiInches in a. column, flat sides facingrig. 13 " L~ower and Higher C'ritical IEmch other in pairi;, (Columns run

Velocity vs Cable Length with Center of e
qrjvity - Center of Buoyancy Separation parallel with the: cylinder axis.)

- as a parameterA Moment of Inertia
'3501).7dI Slu•-ft"
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HB. 0.032-inch aluminum angle 3/4 authors of the present report were led
inch by 1/2 Inch by 3 inches lonr4, by some, mostly intuitive, reasonin~g in
separated 3 Inches in a row, 4 inches their choice of surface mnodifications.
In a column. .(Column~s run parallel to However, only the response of the system
the cyl~inder axis.) and not the flow around th6 cylinder,

was observed and recorded.
TOT RESUL-TS

It Is of utmost importance toThe films of the cylinder motion. relate the flow field characteristics
were reduced on a Vanguard Motion with the response of the system if any
Analyzor*. The coordinates of the four results of more unilaterul validity are
cormer points of the cylinder when the to be obtained. Further experiments,
cylinder was in the exrtreme left or therefc-re, should include flow
extreme right position were recorded. visualization.
The deviation of' the geosetric center
of the case from Its equilibrium post.- ACKNOW!DO-Wý:
tion was calculatcd utliliring a BASIC
cov~uter progran to perform the neces- This work was sponsored by the.
sary averaging prmcodure., Nfaval Ordnance S3ystems Comands Code

035-..The authors would like to
Figures '15 to 18 show the ampli1- acKnowledge M4r. 0. Seidman for his

tudes In cylinftr Oiameters of the suggestions for case modifications to
geoofttrite center of thie cylindotr as ti reduce eý43se motion,
runction cr the towing velocity.. The
*4U'tll ln*, which to reo.eated ror all :3Y1M~t3
etlur figure.j) ihows thft motion of' thuj
;&sic cood. The paramt¶tera of this 8 buoyancy of cyllnderr
-lylindlir are etven at the end of tht- D) = ametor of the cy~lnrder
s-ectton an 4crlttual flow -olis natuý-A frejurrvy ofthe
by thie -eotho4 ahown itt this asuetion, 3uspen!dF:t cyilnior in tllq ftl~d
tho liwer critical volocity for this - lin~th or th" Oy*1ndor

* ylir'Oqr Is pre~tlcted to t~o CŽ.37 Knot, 1 I tital. mvt'nnt of Inerý,tia
atil *the htghor Qritical vooitrL.ty I* (Ine luliug tile adledý'mntori.t Of-

* Protict~lte to hq Idie') knotis. I t- tne _'yliiud4r Around ýha center
f'rom urig iz7 that tho frsrt "rato- Oftskti. mean)
ftan-c. startsi at tho prodirtoil v*Wue. dintanco 1'rom iýrj-toer~ ijrrf~o
$inoe the Oritics) veloclty is bodof ý&_yflndlor to ce-ritit.,r *tr tottal
utpnn th* votoctty of the fluid rolattive m* ts (Inc luzlttn the oviei~ mattso

Wothe cylindor, and since. at htgettr eIa~ rcm, t~' ufaoo
vO^C1ltifis thle CYI nde.r motimo Is not ry111410 .r t,) ntitr of' Imuoyaricy
OW~Y -W, t. towinrtý hklt ai'lo e tcý .I atav~e a 'm bottom surface ort'ýYt~ndor fý tttqr In its prIi-try !A-V11;.. lVtie+i:, to, centor o" macin or
ttik Prodict;'u vi1UC of the. irý.Ier 14snt'?

(An* 'ivoqct Ictermla~o.t~on or t!.o fluttl ! tftal :n~io of ey~ in'ttr
-vty101- 4ity. With rootpot:t to 0tY,ý icylinder !enludin'r, mil d mnnis)
C5,as not unlerta~fen, but jia (ttlrjiatti. ) rlsII stane ci r 14 Yortox f'rom

Fliruros Pý and lb ahow t hov smpi. I -l .1 tatlnco Ottwt.n celitur, of' Mnn
tu e a0 4ronetIAMt Or thO tOw1ieig1 en cenrter of buoyanc(,yveocity 1", ilurlfaee no~kl ricatione'rnhlanme

which w.ore eniorded to fir;,!votit theo U vul eel ty or approacidng2 I'low
t'ormation of' atrorig vortiicuun. Ft1 -¶u ro a IJ.~. t "tI LIva Voloc-Ity
17 and IA. show, the !Impli1tudo. an a W '. Ih of' cyl irvcr
.unction or tho towing wioaelty rot- 13 - w
zurfeav'e motU fca tionts lnt ýtlsd to YJ ordin1ate oof vortteX I
prvont then vorttyx shndfitn;ý from x1  absticon of' vort-ex t
ocurigcul lnl i1ofile tho total n ce y IlA, x Irl u-
.itnth of the, cyltnieor. vri:

t,~I frat -nd~ ojf-cnnl tin! 'lertva-;
The, probblel of' fluctuating lift tLvej nf

rorc'eit dtuo to uanoyrnnetrical flow around K vortox st'reng~th
*blunt bdl.na has been repetater~y inves- Q ang~le b~etwoori moorlnjR cable. and

O*ntelatd during the past 153 years. The * vertical
buLk of thouti investigations wan r) irst and cocond tl~me doriva-
undertaken to find a remedy to a tive or (b
specific flutter problem. Usually a circular frorluonc-y
"try-this and try-that" type phillos-
ophy governed tho experimenta. The
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I ~ DISC U5a81o/

M~r. un!r (Bolt Beranek and Newman: lations in tethered spherical balloons in high
Have you tried to correlate the effect of corre- winds that was performed for the military at
lation length along the cylinder with the ampli- the Langley Research Center? These balloons
tude response, or have you studied the effect of were used for antennas or distress signals. I
turbulent fluid? believe Tracy Redd performed a study similar

to yours in shaping the balloons.
Mr. Sallet: Yes, the facility always has

water pumps running continuously to keep the Mr. Sallet: Yes, I am familiar with that
water clean. In order to see the effect of what repoR.-
might be called a rather large scale turbulence
I ran tests with the pumps running and then ran Mr. Martin: You called this type of insta-
tests with completely still water, allowing two bility flutter or eelf-excited oscillation. I
or three dayo time for the water to settle. I would not consider that to be a flutter or self
saw no appreciable difference between the re- induced oscillation. I consider a forced oscil-
sponses of the system when the pumps were lation as one in which the force exists on the
running and when the pumps were not running, body whether the body Is moving or not, then If

the body responds to that force it is a forced
Mr. Ungar: I guess those turbulences are oscillation. If a body has no force when there

very large compared with your test systems, is tio motion, and If a force starts as a result
In buildings I think It has been found that the of motion, and If the phase of that force is such
response to turbulent winds is much less than that it reinforces that motion, then that Is a self
the response to clean flow. I am almost inclined excited oscillation or flutter. I would consider
to suggest you might see the same sort of thing your study as strictly on forced oscillations. If
and that you might get some relation between the body stops vibrating the force exists, It does
your response and the correlation along the not start as a result of the oscillation.
surface. It would be too hard to measure pres-
sure correlations on the surface. Mr. Sallet: No, even by your definition it

is flutter because the forces increase itthe
Mr. Sallet: No, if you are thinking of ob- body moves.

taiing turbulent boundary layers we are within
that range. We will have turbulent boundary Mr. Martin: The forces may increase but
layers and even at low speeds I have tripped they are there if the body does not move. The
the boundary layer on purpose. initial force is there.

Mr. Ungar: One reason that the spiral Mr. Sallet: That Is correct.
idea wors i lhat the vortices are not shed
along the entire length. Mr. Martin: That is a forced oscillation.

in a self excited oscillation, or flutter if the
Mr. Ballet: Yes, that was the Iden behind motion is stopped there is no force.

them. But agan one has to be very careful when
applying wind tunnel data to a water tunnel. I Mr. Sallet: The forces are there. If you
find that time and time again methods which do eramine the spectrum the forces may not be
reduce this type of vibration in air do not most large enough to cause the body to move so
of the time reduce the vibration in water, there may be forces present with no response.

But once the body mooves the forces may gain
Mr. Martin (NASA Vle~V Research Con- sufficient magnitude to obtain a response so I

ter): Are you familiar w "te a still prefer to call this flutter.
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AN EXPERL.EMMTAL F-'itgdQUE FOR EZ£UT•ETNM VIBkATONI VDDks OF STRUCTtYniS

WITH A QUASI-STATIOXARY RAXDON FORCING FJN(TION

Robert G. Christiansen and Waila.e W. Pav*rater
Naval Wvaponas :enter

China -haks, California

'A slender beam is subjected to rand= vibration. Thi modes of response I
of the beam are determinedi using spectral analysis t- ".hniq;e.ss made
available by the NWC spectral analysis computar progeam. I

INTRODUCTION modes shape. in conjunction with orlor knowledge
Lf the positioning of the response accelerometers,

The response of structures to random load- certain reli..tionshivs in the cross-functions
ing has been treated theoretically by many in- could be ccrroborated and proper program ofera-
vestigators (Ref. 1 through 4). However, the tion "ould he verified.
experL•aental corroboration of these theoreticcl
modes :nas not met with much success. Those ex- The corollary this suggested was obvious:
perlmental investigators venturing into the through a known rardoam input at Lhe bouadary or
field (Ref. 5) before the advent of the Fast properly chosen structural point -the modes and
Fourier Transform (FFT) were doomed to-tedious modal frequencies could be determined. Further--
numerical Fourier transformation techniques. mrre, if the spectrum shape of the excitation
The calculatioa of cross-spectral density func- is free of large peaks and valleys, it is very
tions and t'ans.z'r functions required that the easy to determIne the mode shapes from only re-
cross-correlation function be computed via analog sponse accelerometer data. As is well known, the
computer techniques, followed by numerical com- frequency response functions for lightly damped
putation of the fourier transform of this func- structures (Ref. 11) can be determined from re-,
tion. This process was time consuming and pro- sponse data alone, hence, wich a knowledge of
vided inaccuracies, the input spectrum (smooth), the complete struc-

tural response of the structure can be deter-
The incorporation of the FFT into time mined. This time savings over traditional ex-

series analysis nrograms (Ref. 6) allowed the perimental methods of determ.tn.ng modal vibration
conversion of time series data directly into is of an order of magnitude.
tCe frequency domain (without first squaring
the time series). Several investigators mied
this type of analysis technique to examine tile "'tORY
response of simple structures (Ref. 7 and 8).

The classical Bern,;ulti-Euler beam has been
But even these investigators encountered dealt with '.n many texts (Ret. 12 anu I) and

numerous problems, ranging from llmitod computer only the rebtits are shown here. The equation
and analysis capabilities to insufficient equip- of motion Wu a plane of the been is given by
ment and laboratory techniques. Their approach
was to attach a small (a few pounds force) ex-
citer ca the structure. Then a force power -4 2
spectral density t(P"n) function was controlled Ft " ' -- _k . F(x,t) 1)
at a point on the structure that %as usually 5x4 It2

uncontrollable I.n terms of the response of the
structure and dynamic range uf the exciter. In
retrospect, these investigitors attempted an where y - y(x,t), x is the position of a point
approach that led to insurmouatable problems, on the beam, E is the modules of elasticity. I

Is the area moment of inertia, w is the mass poi
In the process of aeveloping a positive unit leng.,, and F(x,t) is the forcing funcklon.

umpir!w.l mwt-hod of calibration and evaluation
fcr the NW( spectral analysis computer program In the hovigeneous case F(xt).O, variables
(Ref. ?), the response to random acceleratio- of are "eparabl. In Eq. I with
the boundary of a fixed-free, beam was measured
(Ref. 10) TI'd relotiunship between several X(X) T(t) (2)
points, each to the other, was analyzed In )ht
cross-correlation portion of the prourasm. by
careful inspection of textbook examples of beam to give solutiont to Eq. I In the furs
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X(x) - A, exp(.X) + A2 e2 (-az) excellent texts develop these relationships and
their engineering applications (Ref. 14 and 15).
For a rigorous mathematical treatment of these

+ A3 sin(ax) + A4 cos(ax) stochastic processes, Ref. 16 and 17 are recon-
mended.

2 114 In the comput-tion of frequency domain
a I IEI- (4) functions, a discrete Fourier transformation of

the time series data at response points is per-
formed as follows:

where w = frequency in radians/aec.

Using the boundary constraints 1N-1 21csk
S- NXe (9)

a2  a-O

Simple Support: Y = 0; -'i- 0
3zax2

2 3 where

Free Support: x = 0, 3=0ax 2 ax 3 "k =0 ... N-1

N = number of da.a points in time slice
Fixed Support: Y 0; x= 0 Xa and Ak are discrete Fourier transform

• pairs and X is given by

and evaluating at x-o and x-Z, the following

frequency equations are obtained

N-1 27rak

Fixed-Simple: tan (at) - tanh (at) - 0 (5) X = A.eE - a = 0 ... N (10)

Fixed-Free: cos (at) cosh (at) - -1 (6) k-o

Fixed-Fixed: cos (at) cosh (at) - 1 (7)
Free-Free: cos (at) cash (aý) - 1 (8) Here X, is the value of the time series at the

point oAt in the time slice, At is the interval
Solving for consecutive sercs in Eq. 3-8 between digital bamples, NAt is the period ofyields the modal resonant frequenciesn Eq. The the slice, 1/1At-AF is the fundamental frequency

first 20 roodt to nq. 5-8 are given in Appendix of the transform, kAF is the upper cutoff fre-
A.) quency, AF is the lower cutoff frequency, HMs it

the bandwidth, and M Is an integer.

The values of "a" listed in Appendix A and When two or more time series ara to be
the corresponding frequencies predicted by Eq. 4 examined, the time rlice is such that the funds-
are somewhat in error for the higher modas due mental frequency fAF) is the same. In addition,
to the omission of shear effects and rotary when complex response functions are ueed to
inertia. Theme effects (Timoshenko beam) are examine two or more points for cross correlation,
accounted for in the computer program* used to the time slices examined are such that each re-
calculate the modal shapes and frequencies. The cord is examined during the same period of time.
effects of the mass of the accelerometer and This it a simple fact to state, but often over-
accelorometer cables were omitted in this looked when dtigtizing pairs of data signals.
calculat ion.

All of the !unction% ave. discrete in nature
The spectral functions and theory used in so that these functions are only apPrrosisatlons

the analysis of the been retion are veil known of the rigorously developed ttontinuous functions
(a good overall presentation Is Iawen In Rof. 1i). a shown in Ref. I.
The functions used in this analysis ead the rela-
tionships between these functions will be out- The following functions are used to the
lined in the following paragraphs. Several analysis of the beas:

Maval Weapons Center. Nea, A Computer CG(ff) Power-apertrol Density function
Program for Calculating the Natural Vibration (0D) or auto ?5D of a resposmee
Modes of a Xon-Vniform h94m, by 9. Jeter. Chins point et a on the be#*. In this
Lake, Calif.. AIMC. June 19?'). (MC TN a062-0.) report the PSD wiII be the square
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of the Fourier coefficients ob- and
tained when the time slice of
interest is transforined into the * z(f) - * (f + * (f
frequency domain. These c;oefil-Xl X

cients are then divided by a con-
stant (the filter bandwidth). The transfer function is determined by the

physical characteristics of the structural sys-
C (f) =Cross-Spectral Density Function temn between the response points. Hence, if a

XY (cross PSD) between the response suitable math model cortaining structural system
at point x and the response at parameters does exist, empirical determination
point y. In this repirt the of the transfer function implies empirical deter-
cross PSD will be tha complex mination of the system paramecters.
product of the Fourier transform
coefficients of a time 6lice out The ordinary coherence function is
of the time serles x(t) and y(t).
The, resulting product is then (f)2
divided by a constant (the filter 2 IG (fy
bandwidth). The cross PSD is a y Mf - C (f) G (f) <1

complex vector uhich can be xx yy
written as

It is a measure of the amount of coherence be-

G' (f) - I(G ()e io XY tween the response at points x and y as a func-
XY xy tion of frequency. When y -.0, the responses are

incoherent; i.e., this is not a vibration trans-

- C (t) -iQ Mf mission path between x and y on the bean at a
xy xy given frequency.

where EXPERIMENTAL DESCRIPTION AND TECHNIQUES

C Mf a Co-spectral density function (Co) When the been was mechanically excited, the
XY auto-spectrum of the boundary motion was shaped

Q (f) -Qartr-pcrldniyand controlled using a Ling ASD/80 Equalizer/Qy f uadrtin(ures tald enit Analyzer (Fig. 1). This equalirp-/analyxer is
xy fnctin (Qad)common to many enviroaowutal test laboratories

0 M -tan- I Ja phase angle -and Is capable of 25 Hx bandwidth control from
xy CO100 to 2,000 Hz with finer bandwidth control

argument of the cumelex vector below 100 Ha. The electrodynamic exciter and
power amplifier were Ling Modelm A300 and 10/16,

The ollwin poit-t-pont rlatonsips respectively. The input boundary motion control
Thihe u olLowinge poit-o -pin rSreueaIntinhip accelerometer was an Endevco Model 2270 used In

whyish uoiif the crm otsPSi aeusdnn.h conjunction with an Endevco Model 2713 charge
analsis f th bea moton.amplifier. During the experiment the calibration

The transfer function It Mf (a complex sensitivity for tacht amplifier was selected such
vector) is defined an sy that the maximum sensitivity would be three times

the anticipated overall rme teat l.*vel. This in
Important for signel clipping considerations and

0 Mf (1) (0 1. or N (f) maximum signal to noise# ratio. Endevco Model
sY y XX Xy 22.16 response accelerometer, were used In all

cases. The charge amp lifiers used were, again,
(f) Ladevco Model 2713 (ria. 2). The overall level

* ~ ~of the Input and the response accelerometers was
G4 (fI M y monitored using a ballantine true rae voltmeter,

XX wiile a Taktranics oscilloscope was used to
also (or a third point (a) Ioiq tiv Weas monitor the Inputs and responses for vaveform

and possible clipping.

G .1) -(f ) *y M i - I M (f) x The inputs and restponuoes were recorded on
salattc. tape using at, Ampex BOOf) tape recorder.
The reicord speed was 60) in/Sec (FM record, 108

or N 1~ (I) * Ii (0) *~ M .I... kNa center frequentcy), 1402 deviation which
3 yallowed masimusit a-o-os rot to while pro-

wIJiug digittslag flexibility for playback at
or !" W (W) * 1H ROW~ * Is (01l... slower tape speed. The analogt/dilgital cmweor-

xl sion process iftcluided an Aimpea rk 600 tape re-

*gain factor or m'.-ulus of the CeNVlea corder, used during playback mode. and am A/C
vecor Wo eduvitso codack amlittor used am an ampltfftriapedanct matching
wetot this eem. o 'idack evic (rift. 3). 7ue tape output signals were
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ACCELEROMETER

LING ASO/80LN 0/6VBAIOOXIO
AUTOMATIC LN 31

RANDOM VIBRATION
EQUM.IZER/ANALYZER

CHARGE AMPLIFIER

SERVO INPUT

TO AMPEX ES 100 TAPE RECORDER

FIG. 1. Vibration Control System.

BEAM

'*4ENDEVCO 222N ENDEVO0 CHARGE
ACELROMETERS AMPLIF If 5, 271

__ _L
AMPEX ES 100
FM RECORDER
AT 60 IN1SEC

FIG, 2. Accelerometer output Recording Sequence.

DYNAMICS
A/C AMPLIFIER U

AMPEX Pmt60 DIGITAL TAPE
TAPE REPRODUCER RECORDER

FIG. 3. Digitlaing Sequence.
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fed into the AID converters., The IBM 1800 second. Due to phaae considerations (Appendix B),
acted as a buffer (1,028 16-byte words) which two methods of sampling were used during the digi-
would transfer each buffer load onto a digital tizing process--linear and sample and told. The
tape. The A/D system was limited to 8,000 data were properly digitized and put Into format,
samples/second/track, hence only two channels then proceased by the NWC spectral analysis comn-
of data were digitized at a rate of 4,000 samples/ puter progtam (Ref . 9)as Ahwn* in Fig. 4.
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0- ACCELEROIWETER MOUNTING
POINT

62 100IN
1 2 3 4 5 S

SCANTILEVER IFIXED-F'.EE)

1 2/3 IN.

* 100 IN..

41 2 3 4 5 6 a 4 4

I ~~ ~~ ~ FIXED -FIX~tED" i

101 ,OIN.

,,40-MPF No1 IN. -

FIG. 8.. Accele'onecer Placemnt and Dimnsions.

UZULTS AND DISCUSSION physical properties shown in Table I was used
throughout the program. Figures 9a, I0a, Ila,

S' lsil2a. ,vhd 13-1 are typical of the acceleration
response spectra for each of the different con-

The method of analysis involve • he e•val- figuratioos. Figures 9b, 10b, lib, and 12b show
natio of sao auto functioc- for relev..nt modal the torrepcpmding boundary input acceleration
frequency information, then progresees to the spectra; Fig. 13b Is the acoustic spectrum at the
croes functions to obee* ' and retrieve phase fic-poipt of the free-free bean. The acoustic
taftrmation. The out\ (Woctions yield frequ.-ncy srectrum was uncontrollable. hence the deviations
information and implituIt information; the crosw in the input spectrum of more than four decades.
fumctions also yield frequency information and '.his made identification extremely difficult for
pbaa. inforatlion. . The combination os the anusy- all but the first and second modes. Notice that
s" can be used to onstruct the various mode each input spectra (except for acoustics) Is
shapes. Their reao~tion is dependent upon the relatively flat (within a decade), while the
saber of points boing measuret on the beams. response spectra show large peaks associated

with a modal frequency.
Table 2 show. the calculsads modal frequen-

cies and tho corresponding experimental values A graphic demonstration that both modal fre-
for t0e 100-inch fixed-fixed beoa, the 102-inch quency information and mode shape information
fixed-simple beam (excitation from either and). are present in auto spectra is show.n in Fig. l4a
the 52-inch fixed-ftree bean, asd the 1085-ila and 14b. Figure l4a shows the response PSD of
free-fr beam. Figure 8 shots the accelerometer an accelerometer at the center of a fixed-fixed
placements on the bNs. The bean with the beam, while Fig. l4b shows the response PSD for
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TABLE 2. Modal Frequencies by Mode Number.

Mode Bernoulli-Euler Timoshenko Experimental

Fixed-Fixed

1 20.8 20.77 20.5

2 57.3 57.14' 57.0

3 112.4 111.68 110.0

4 185.9 183.89 180.0

5 277.6 273.0 268.0

6 387.8 379.73 370.0

7 516.3 502.41 490.0

8 663.2 640.91 625.0

9 828.3 794.73 790.0

10 1011.9 963.38 970.0

Fixed-Simple

1 13.73 13.76 14.0 44,

2 44.51 44.52 45.0

3 92.87 92.64 94.0

4 158.80 157.86 161.0

5 242.36 239.83 242.0

6 343.48 338.13 340.0

7 462.18 452.33 455.0

8 538.67 581.93 590.0 sme

9 752.36 726.48 730.0

10 924.35 885.30 900.0
erni11 1112.88 ....

Free-Free

1 17.7 17.67 17.5 .ouey,,.

2 48.8 48.59 48.5
FIG. 9. Responee at Point 2 (a) on the

3 95.7 94.96 95.0 Fixed-Fixed Beas to the Input

4 1:6.1 156.35 150.0 (b) at the Fixed boundary.

3 225.0 232.46 225.0

6 330.0 322.95 330.0

7 420.0 427.0 420.0

a 520.0 545.0 520.0

Fixed- Free

1 12.0 12.07 12.0

2 75.5 75.2 75.0

3 211.5 208.9 202.0

4 414.4 404.5 400.0

5 685.1 658.7 662.0

6 1023.4 966.8 975.0
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___77'

eem

FIG, 10. Responue at. Point 6 (a) on the FIG. 11. Response at Point 3 (a) on the
Fixed-Mimple Ismn to the Input fixed-Staple loan to theInu
(b) at the fixed Boundary. (b) at the Simple Boundary.
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Sam

II

IFIG. 12. Response at Point 6 a)c the FIG. 1 Aseponoe of a Point (a) at the
Fixed-Ft.. flessto the Input End of the Froo-Froo Seam and
Wb at the Fixed blb ndary. the Acoustic Sp~etrum at the

Center (b). The spectrum was
quasitfree field with direction
normal to the axis of the beam
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to produce a unitiess normalized amplitude com-
ponent. The phase relationships between the

FILTR m $f~ HEvarious response accelerometers can be deduced
by careful examination of the co-spectral density
plot and the phase plot. Consider the co-
spectrum plot of accelerometers located at
response points 4 and 6 (Fig. 16). It was
determined that 75 Hz in a modal frequency by
examination of the auto spectra and comparison

*with theoretical results. The negative value on
feW _the co-spectrum plot can be thought of as oppo-

31 sitely directed motion, or when response 4 is
moving in a positive direction relative to the

awl center line of the beam, response 6 is moving in
the negaktive direction. Next consider Fig. 17,
the co-spectrum between response 3 and response

em. 6. Again there is a negative value, which can
be interpreted as oppositely directed motion of
the two response poin ~s. Figure 18 shows the

FILTR so- &a MEsame relationship between response 2 and response
PltS 6. Applying positive direction to responses 2,

7 3, and 4, and negative direction to response 6,
in conjunction with the amplitude In Table 3,

0: yields a mode shape Indicated by Fig. 19.
Figure 19 also shows the theoretical mode shape.

04" Alternate methol.i of determining the modal
fequ.oucies cap be deyeoped us ing th* co-

spectral density plotv of response accelerometers
and the transfer function plots of the Input

few, _ . ccelerometer and sty output acrcelerometer.
Figure 20 shams the co-spectrum of response

...... points 6 and 9 on a fixed-simple beam. Notice
the definition of each modal frequency. The

Is m 5s'aM frequency veauea compare exactly with those.
observed for suto-itanctioest. The relative di-
rwcton of amplitudes between each point to
graphically demonstrated (or each frequency.

FIG. 14. Responses at Point.s(a and
7 (b on he FxedFixe lean. ASLZ 3.. Normalised 9Wprimantal Amplitude*.

ah adjacent acceleromester. Notice the supptts- fie-rs Fie-ie
&Lou of even nuibersol vodev in 14a ct.mpared to
14b, This phenomena io readily explainable On
examination, of theoretically computed mode shapesd e~ne1 ,802
given in Fig. IS. (The black circle indicates Veepo"O. 2 .0.m 0.40
the location of the two accelerometers being dis- Rsos .00
cussed.) The center position turns out to be a ~ .007

A rougha q.uantitative determination of "dod

shape* would use the amplitudes In the auto Response 6 . 1.0

tudes for each of six responsma scclerbasters on

a boom in le fixed-free configuration. The Response a
values of & /fix versus %'requenrny Were converted
to on acceleration versus frequency, then multi- ~ .. .0....L'
plied bv the bandwidth snd divided. by a constant -
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FIG. 16. Co-Spectrum of Responses at Points FIG. 17. Co-Spectrum of Responses at Points
4 and 6 on the Fixed-Free Beim. 3 and 6 on the Fixed-Free B3eam.
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FIG. 20. Co-Spectrum of Responses at Points FIG. 22. Phahe Spectrum~ Associated With
6 and 9 on the Fixed-Simple Beam. Transfer Function In Fig. 18.

Figures 21 and 22 show the modulus of the Figure 23 shows the co-spectrum of points
transfer function and the phase spectrum for the on a fixed-simple beam and is a graphic demonstra-
Input and response point 2 on a fixed-free beam. tion of ore of the "do's" of response accelero-
Each modal frequency stands out on the transfer meter placement--use symmetry whenever possible.
function plot. Verification of a modal frequency The logic is: 3ince the cross functions are just
Is helped by ob-serving that the phase angle has a measure of what the two points on a structure
a transition through zero at the modal frequency. have In common (in the frequency domain), the
It shou'd be noted that at higher frequencies the use of symmoetry will make common modes more
phase. sprctrum plot iso unreliable for the corn- prominent in that the amplitudes wtill be the
putation scheme used here. When the distance same at modal frequencies.
between two response points becomes greater then
riie distopt~e between two nodes of the mode *lisp*,
The phast, plot breaks down 'Ifecause of the Inher- iso tou M1 H

ent hLltatllons of' the tan- 4'. The principle j f LiH
valkief tif tht tan-1 ,, are between -~ and ft afterf H
thim reqtIon if *h fifthfare in no way to diatinguish IIH
blAt thq phiasa Victor was arrived at. and only the

pr~pevaluo ol thv phase is comp'.ted. II1

-5 AllW

If$ AIM e 4 40 10 m lo C.

1KI 10 m 4 * fl Il 41111' I S outit W t a * 4 v in klin if

S I

ýVA~ ~ ~ ~ Vir h"~%4 at fonk 2 an tl.c.*eapito eltvl

thes Of Itrt at1iiRi firrqn firnt elf. tan atsl
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An additional mtthod of corroborating the it a-SUol
existence of modstl frequencies is hy examinationH 111
of coherence function plots. In general, if
response: accelerometer placement is such that .............
the accelerometer is aot at a nodal point or a
point where the output is low, the coherasne
function will be close to 1. Thia value typifies
a completely correlated! response. If the re- =~

sponse signal is near to the noise floor or
nodal point. the coherence functicn will be
somewhat less than 1 at that frequeny, Figures
24 and 25, plots of points on the cantilever beam,
show this behavior. Notice that at 12, 75, 200,
400, 660. and 990 Hal, the± value Is near 1. ~I
Figure Un shows the coherence function of & re-i i
sponse acceleromet~ir placed near a ný-Je point XW= 0 W W o0 W1M
for both the 660. and 200 Hx meodes. Trhis graphi-
cally demonstrates one of the pitfalls In utsing
the eoherence function. FIG. 26. Coherence FU ýtiou of Responses

at Points 3 and 6 on the Fixed-
fo,4 on e~ to K ree Zi*jn.

11,1. 1 T:;T
t FI Iigur~es 27 through 31 show the modultis of.

I' I 0 a transfer functionm between points on a fixed-
(trod boasi, digitized to ciricumvent phase problem'

L ~ (see Appetidixt 8). ',9-w rel ition-thip

at -Is vriftled ac leat tu tho &-curacy of ou4r
-'abilry to tvAd the plots.

TFilnros 12 throuah 14 allow toPhase 11ettrufn
Fit.,. 24. *.t;reoCA Function of Itepon*-'i* eor the pointsft shOwn In FiKat.' .thro~ait 31. 13

at Point* 4 sod 6 on the fixod- thg region whoro they are valid. Le'.. whero thio
Free Ivarn. Puiinta are Witsl than a node &part. thr- rolo.Ioti-

eip

~ :i;~ £ To~; c~ompare h rewults of tbe modal anaiyatls

wha approii.-.'s.te4 a free-free configuratiun by
~I hanging the beams by cotton twine from th~e noides

M... Z5. Coherence Function of ftani'ortiv Nmavl Waeopns. (.enter. Seam Vibration iLx-
at Points 2 and 6 u.' the V~xod- poriment, by E. Atter. China 1.4ke. Calif.. NWC,
free Beass Juno' 1971. (Aog. 4062-079-71.)
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FIG. 27. Transfer funaction of In~put and ii; 28. Transfer Function of Responses &t
and Response at Point 3 on the Points 3 2nd 4 on the Fixed-Fixed
Fixad-Fixed seas. Beam.
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FIG, N9. Transfer Function o Responsu& FIG. 30. Transfer Function of Responses
at Points 4 and 5 on the Fixed- at Points 5Sand 6 on the Fixed-
Fixed Ovam. AxdBeam.
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FIG. 31. Transfer Function of Input and FIG. 3!. Phase Spectrum of input and Re-
Response at Point 6 on the sponse at Point 3 on the Fixed-
Fixed-Fixed Beim. Fixed Beam.
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FIG. 33. Phase Spectrum of Responses at FIG. 34. Phase Spectrum of Responses at
Points 3 and 4 on the Fixed- Points 4 and 5 on the Fixed-

Fixed Beam. Fixed Beam.
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FIG. 35. Phase Spectrum of Responses at FIG. 36. Phase Spectrum of Input and Re-
Points 5 and 6 on the Fixed- sponse at Point 6 on the Fixed-
Fixed Beam. Fixed Beam.

of the first bending mode. An impedence head CONCLUSIONS AND RECOMMENDATIONS
and force ext:iter were attached to one end of
the beam and response accelerometer measurements Using proper techniques, modal information
were made at the center and opposite end of the can be retrieved from random data. Given certain
beam. Figure 37 shows a mobility plot, the minimum constraints on the spectrum of the forc-
force input at one end divided into the velocity ing func, on, the sharp peaks in the response

of the response at the other end. spectrumY can be attributed to the response at a
mode of the structure. E~eamination of the re-

To develop auto-spectrum, co-spectrum, and sponse plots shows that range between the maxi-

quadrature spectrum plots of the beam response mum and minimum values of the input spectrum

to a constant-force sine-wave input, a Spectral should be less than an order of magnitude. When

Dynamics SD-loR Co-Quad Analyoer was used, acoustic excitation was used in this experiment

Figure 38 shows the auto-spectrum of the response the input spectrum at the center of the beam

accelorometer at the end of the beam. Figure 39 varied at least five orders of magnitude, making

shows the co-spectrum of the response at the lhe modal informoation difficult to retrieve.
middle of the beam and a point at the end of the

beam. When test plots are examined using the The precision with which the modal frequency
logic and techniques developed for the analysis can be identified is dependent on the investigator.

of random data, the same motion/modal information In this report, the goal was not precise measure-

is developed. ment of the modal frequency, but a general demon-
stration of some of the tecthniques which can be
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- UjSed'to extract the Information: from the'ra;Adomý
data. -"f precie frequioýcy ittkormation'li rm-
quiriil long ldbuiitiw
tabular jpiA~tojzts instead of.'#ots. f in the

'Mo -0 time sliele.or datal vindow,

I T fuldwmental 4Lscrete F4ývrier
*t ras form frava?ýncy

wo AF .

Ai will tbe ib limit of%." eolution4n the fre-

tie quefty domaiin..

-.- ~~ Non:!near effects, such* as,. boutndary reflee-.'
tion (fedbai).out.'.of-planiauzi40 coupl.ing,

att. make :the~uae..of reapponse 'tiLe.fer function@
-. lei; -teliable. However-, _'te respotivai -at mode6.

of the i~tructure are so iarto in comptrjý!on W1.6
response a t. tkan-modal I requepoiep .- that the rela-

go ... ionahips pofifd. out in tihe tefit of this-,report
are,-applicable..

The umIte progý -used 'in conjwctioik

wiha UNIVAC 1108 digital computer,-had the
ca~bility of comiputing the 4vadous coupe.c
fuactioma, exhibited --When deal.ing witn a Comn-
plei- atrdctruec whoie, twoides are riot-wildely sepa-

-_rated or eepily.,defined, all 6-F the fitmntionq
_______ htwn would ne*&ý to be used.. When -the istructure

IWO,' ~ - -. fM I-is rI8 s with wideiy spaced m*cdes which are.
-~:- . . eaa~y.-modiled and compared to theory, the auto-

spectrum ind-'the co-spectrua would p-rov'ide all
the. information ne'he d to toetisly describe the
node.
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Input at One End and Response at view toward retriev1Qs structural. coefficients,
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FIG. 30. Auto Spectrum of a Point on the End of tho Frei-free Reom.
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Appendix B

PHASE CONSIDERATIONS

Phase problems ae present due to the signal phase between Ak and B . For instance, in the
conditioning procedures. Ons digitizing method system used there vat a built-in system lag of
used results in a phase lag of one channel of At 0.055 ease tetween channels, while the
data relative to the other when two channels are 0
sampled. For instance, let XI(t) and X2 (t) be smepling rate was 4,000 words/sec/track or a
two time series under .oasideration: At of 0.250 mec, then At /At 1v 1/5. Thus,

when higher frequencies sie to be examined or
when precise phase information is desired, dif-
ferent digitisi6n techniques are dictated. Two
of the records eyamined for the above phase pro-A, blem were also examined using a series of sample
and hold amplifiers where the time uncertainty
in digitizing electronics for adjacent channels

AL ti an the order of 0.1 opec. Thus, uncertainties
in phase information for the second technique are
rtduced to the limitations o' the tape recorder
response and variations in system electronics.
However. these are not considered in this report.

Other problems in interpeting the phase at
Lookting at time records X1, X2 . the funds- higher modes arise due to mode shape and accelero-

mental Sampling interval for both records is At. meter placement. The phase plots (shown in the
but the interival or lag in sampling tirnt record body of the report) were arrived at by calculat-
X, then record. X2 during the fundamental interval tog tan" d , of ":ii tn t principal values
At. 136 4tq. Looking at the Fourivr transforms Co
.1 t o, X24 the fundamental frequncy of the are -w to r,. The problem can best be understood

" transforlm is P . ndsaIy discrete fro- by looking at the first six bending modes of aW
St p t pfixed-free beam (Fig. 40). Points A and B in

qey ito given byoFig. 40 are for reference. Notice that in the
in record X1 Ria V~en by t. the point in first mode the points are somewhat out of phase;

to r 2  the phase lag for the second through sixth mode

by (VAt * Ai ), write are as follows:

0-I Second mode t

Ak X...11 k o O...N Third mode . L-T

Fourth mode m 27
I-. k-O,..N Fifth mode ,

"ik Is the relative phase between X and X when
both are "19ed in the SaO InteiveI At! The problem in computing phases of greater

t A•t1  than 2w is how to assign a sign to the phase
.. angle, or how was the angle arrived at or in

N At •which direction does the vector rotate in a
phasor diagram. For structural work where only

n In this light, . becomes a function of the lower modes are of interest, this is a minorSeenIn hisligh, ~becmes fuctin ~problem.
k (frequsacy). The higher k, the mere pro.-

aoun"4 the effect of the pheae an the relative
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DISCUSSION

Mr. Smith (Lockheed Missiles and Space Mr. Christiansen: We did not make an
Co.): In regard to the results that were ob- attempt to retrieve damping information but
tained at the lower end of the frequency spec- we felt we had a choice. If one has to trade-oft
trum, Clarkson and Mercer several years ago one will see good amplitudes at high frequencies
showed that the filter bandwidth must be con- and poor amplitudes at low frequencies if one
siderably narrower than the bandwidth of the uses g2 spectra. But to address myself to your
specimen. In this case your lower frequency point, I do not think that holds in the computing
modes did not meet that condition. Therefore scheme that we used because we actually have
one underestimates the amplitude of the peak a filter bandwidth and a Fourier transform
and overestimates the width of the band and the bandwidth, which is another thing, and in this
damping, case it was about 1/4 of the bandwidth you

showed.
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RESPONSE OF AIR FILTERS TO BLAST

E. F. Witt, C. J. Arroyo, and W. N. Butler
Bell Laboratories
Whippany, N. J.

Overpressure pulses can enter underground nuclear-blast resistant
buildings if blast valves fail to close, or transmitted into the building
if such valves be closed directly by the blast itself. Tests simulating
these conditions were conducted at the Bell Laboratories Chester fa-
cility to determine the degree of damage sustained by commercial
air filters and dampers installed close to blast valves, and to deter-
mine the magnitude and duration of ovorpressure pulmom which caused
no damage or only initial damage. Test results indicated that air
filters would be undamaged by long-duration pulses with over-
pressure of about 1.3 psi, and would tolerate higher pressures of
shorter duration. No damage should be expected for pulses of 2 to 3
millisecond length with peak pressure of 7 psi.

Much of the long distance communication pressure to be transmitted through. Valves of

network of the Bell System is constructed to this type are not now used by the Bell System,
resist the effects of nuclear bomb 3xplosions. but may be considered for future use because

Included are the buried coaxial cables with as- of their low cost.
sociated underground Imildings. These build- Filters and dampers are very vulnerable
ings require large amounts of air for cooling elements in a blast-resistant building because

and in the operation of emergency electrical they are located near the blast valves and are

generators. Blast valves are used on intake Inherently weak structures normally designed
and exhaust ports to prevent interior blast for low air pressures. The blast resistance of
damage. sheet met"l ducts has also been Inves tiated

It is possible for air blasts to pass (teference 1).
through the valves. Free-fteld overpresaures The tests described In this paper were

of less than about 1 psi will rot trigger the conducted to demonstrate. the resiestam# of fil-
valves: thus a long duration, low overpressure toer and dampers to the above described blast

blast could be transmitted into the buildin•. s The air blas w produced using the
The blast valves used in Bell System buildings ishok tube at the 8*. Laboratories tacility at

are closed before blast arrival by an electrical Cinter, K. J. Blat ves were put upatrm
control system. These valves, however, have Of to filters to produce the short blast pulses.
a blast-closing backup feature. The valve is Eonger pulm were produced with the valye
slammed shut directly by blast forces on the removmd. e effect" of a very tong daraktn

moving elements of the valve. It this should ules were simulated by passing A steady hidh-

happen, a short duration, high overpreesure velocity flow through the fllters. The filters
pulse would be transmitted into the building. and dampers tested were typical of those used
It is also possible to use valves that blast- in Bell System underground buildings. Tested
close only. These would always allow some

Precedlng paig blank



TABLE I
Apparatus Tested

Name Manufacturer Size Model

Rigid Aerosolve Filter Cambridge Air Filter Co. 24" x 24" x 24" 43D-45

Hi-Flo Filter Cambridge Air Filter Co. 24" x 24" x 29" 43X-45

Hi-Cap Filter Cambridge Air Filter Co. 24" x 24" x 15" 45HC-2500

Flo Filter (roll-type) Cambridge Air Filter Co. 30" x 46" VH RF-3-50

Damper Arrow Lo-ver and Damper Corp. 34" x 46" (Made to Order)

were three models of 2-foot square filter mod-

ules, a roll-type L.iter, and a damper with ex-
truded aluminum blades. Model information is
presented in Table I.

BLAST TESTING OF 2-FOOT SQUARE FILTER

MODULES

The shock tube used in these tests is
driven with compressed air released by a fast-

acting valve designed and built by the Defence
Research Establishment, Suffield, Alberta,
Canada. The expansion section of the shock
tube, a 14-inch diameter pipe, is joined into the
test area, as shown in Figure 1.

The first expansion is into a 16-inch
square test area. The blast valves, when used,
are located either within this 16-inch square

area ov at the junction where this area expands

_4 01 4- t

-i SHOCK

1SUA (SQUARE)

K3"-l VALVE WINOOW
310 OCHAMKSA NO CHAMSER IST CHAMBER SECTION

K a KISTLER GAGE

Figurt 3. Shock Tube Bet-up
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to a 24-inch square section. The first 24-inch shown in Figure 1. The Kisler 701A tram-
square section, which is 8 feet long, allows the ducers were isolated from the test chamber by
shock to reform in the larger area. Filters an air pp to alimluute unwanted acceleration-
were mounted in the front of the second 24-inch produced sigmns.
square section. A third section was used in
most tests to delay the formation of the rare- RESULTS FOR 2-FOOT SQUARE FILTER
faction wave at the filter. These three sections

were made of plywood, reinforced with steel Figure 3 shows the three types of filter
angles. modules tested. Overpressure time waveforms

Two blast valves were used in these tests upstream of the filter at gage location 2

to produce blast pulses. A quarter-scale model (Figure 1) are reproduced for the highest over-

of the louver valve (shown in Figure 2) was pressure blast pulse which produced no dam-

used to produce intermediate pulse lengths. age and the lowest overpreess.re pulse which

The louver blast valve is now being made for produced the damage illustrated in the photo-

use in Bell System buildings. Tests on this graphs. Each filter was subjected to increes-

model are described in Reference 2. The ingly higher pressure pulses until damage oc.-

model was mechanically tripped so that it curred, and was then discarded.

started to close when the blast arrived. The Aerosolve filter had the filtering ma-
Shorter duration pulses were produced by a terial punctured, as a result of a 5-psi over-
reed blast valve. This is a fast-closing, blast- pressure pulse. The H.-Flo filter had tho sup-
actuated valve with seven fiberglass reinforced porting ribs bent and torn from tho frame by a
epoxy blades 1-1/4" wide, 12" long, and 1/16" pulse with a peak overpressure of about 7 psi.
thick. The filtering material in the Hi-Cap filter was

Pressures upstream of the blast valve torn by a pulse with a peak overpressuro of

and upstream and downstream of the filters about 8 psi.

were measured. Transducer locations are The pulses producing the above described
filter damage were generated by passing the
blasts through the quarter-scale louver blast

valve. In order to produce longer durations,
the shock tube was operated without any blast
valves. Similar filter damages were produced,
but with lower overpressures. Intermediate

pulse durationa were obtained with the last 2-
foot square section removed. This allowed a
faster return of the rarefaction wavo, which

tended to blow out the filtering material. Since
it was not possible to beparate positive from

negative pulse damage, these tests results are
not used here.

The peak pressure and duration of the
highest pressure blast pulse which did not
cause damage, and the lowest pressure pulse
which did, are plotted in Figure 4. The shaded

area lies between certain damage and no dn.m-
Figure 2. Louver Valve Model in Shock Tube age for the three filters. In addition to the
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PLENUM MANOMETER

19" DI A.
DAMPER SHEET METAL -

SLWE DUCt

I FILTER -0

S52" ~~~44"---D1"-

Figure 6. Steady Flow Test Apparatus

TABLE 17
Results of Steady Flow Tests

Filter Maximum Average Corresponding Shock

Filter_____ VelocityFT/SEC Overpressure PSI

Aerosolve 64 1.2

Hi-Flo 74 1.3

Hi-Cap 73 1.3

TESTS ON ROLL-TYPE FILTER AND A in Figure 8 was placed adjacent to the
DAMPER openitig in the duct and the daimper was

These large pieces of equipment required placed inside.

the use of a large test section (Figure 7). The The damage to the roll-type filter (Fig-

shock was expanded by means of a conical sec- ure 9) occurred with a peak overpressure of

tion tapering in diameter from 14 inches to ap- 1.7 psi at a duration of 8 milliseconds. The

proximately 4 feet, at which end a rectangular filtering inaterial was blown out of its track

duct was attached. The roll-type filter shown and the vertical rods were bent and forced out
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Figure 7. Apparatus for Testhig Roil-Type

Filter and Damper

F'igure 8. Roll-Type Filter in Test Position

0-

0 to 20 30M

0-K

- I I I

0 0 210 30 M•Sc

Figure 9. Roll-Type Filter Damage. and Corr'espording Pressure Pulse
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of their anchors. Lcwer pressure blast pulses filter fall consderably below the spread of data
just bend the vertical rods. for the 2-foot square filters. TWis is due at

The damper (FiMpre 10) was only slittly least partially to the rapid reduction in pres-

deformed by a pulse wita a peak o-erprees re sure downstream ot the roll-type filter because

of 5 _i in a duration of 10 mdliseconds. This the blas pulse exhausted into a large room.

occurred with the damper closed, ist most vul- TIis allows a rarefaction wave rapidly to re-

nerable position. In this case, the peak pres- duce the downstream pressure. The 2-foot

sure was a reflected pressure, produced by an square filter modules were tested in a constant

incident pressure of 2.5 psi. The damper oper- cross-section duet, and the downstream pres-

ated freely after the test. sure on the filter was maintained whemn the fil-
ter was loaded by an upstream pressure. If the
downstr-am pressure an the roll-type filter is

|bste awalale copy. assumed to be ambient, the pressore differen-

* -tial on this filter is upstream pressure. The
data points for a roll-type filter then fit neatly
within the spread of data for the other filters,
as shown in Figure 5. This suggests that the

"roll-type filter in the size tested is of similar
blast resistance to the other filters with the

same type of downstream conditions. This dis-
cussion suggests an extended interpretation for
Figures 4 and 5: The former is for filters with

about the same plenum areas upstream and

downstream; the latter is for filters with a very
- large dowrstrearni plenum.

The damper tested survived a peak over-
pressure of almost 5 psi which was the reflec-

tion of a 2-1/2 psi incident pressure. This in-
0-- {cident pressure with a duration of about 10 mil-

S o ,020 c liseconds places the resistance of the damper

DURarTIO at the iower bound of the shaded area in Figure
4. This indicates that this particular damper

Figure 10. Damper Being Checked for is about as resistance to blasts as the filters
Deformation by Blast Pulse

tested. Downstream conditinns would have no
effect on a closed damper.

DISCUSSION OF RESULTS
CONCLUSIONS

The results of the blast pulse and steady
flow tests of the 2-foot square filters and the Application of these test results to actual
roll-type filter are superimposed In Figure 4. conditions will not be considered. The 2.foce
There is an average dividing line shown in the square (ilI'ers were fodnd to wilthstand a long-
figure between damage and no damage to the duration blast of over 1-psi overpressure. T5ie
2-foot square modules. The constant pressure free-field overpressure could be larger because

portion of the line on the right side is estimated of attenuation In the passages leading into the
from the steady flow data, where filter damage building. Filters were also found to be un-

was not obtained. Results for the roll-type damaged by rarefaction waves of about l-nsi

260



negative pressure. A rarefaction of this magni- However, the supporting structures for filters
tude is aerociated with the positive peak over•, and dampers have not been investigated. This
pressure of about 5 psi. It Is unlikely that the might very well be the weak link in a commer-
filters would suffer primary damage from nega- cialy installed system. The effective pres-

ttve pressure loading. sures acting on the filters, summarized in

Short duration puises, whkch are tiara- Figure 5, can be used to obtain the loading and

mitted through closing blast talves, Lave a response of the supporting structure.

damaging oqtnttl which is a function of both

peak overpressure and duration. For very

st*t pulses about 2 to 3 milliseconds long, the References
filters should not be damaged by pealk pressures

of about 7 psi. It was not possible to damage 1. Witt, E. F., "Pressures Downstream of
the filters in these-tests with pulses from the Blast ClosIng Valves, Project LN16.1"
very fast closing reed valve. DIAL PACK Symposium, Ottawa, March,

The damage criterion used ia this report 1971 (to be published).

was the first sign of visible damage. The slight 2. McCoy, R. G., Nevrincean, G., and Witt,
damage observed in these tests might not pre- E. F., "Prediction of Blast Valve Response
vent satisfactory filter performance, so the Uising Models." The Shock and VIbration

criteria discussed here should be conservative. Bulletin, No. 40, Part 2, December, 1969.
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